All relevant data, including the coordinates of the CXCR4-CXCL12 complex presented here, are within the paper and its Supporting Information files.

Introduction {#sec001}
============

As orchestrators of cell migration, chemokines and their receptors are critical to many physiological and disease-related processes, including embryogenesis and organ development, immune surveillance, inflammation, and cancer metastasis \[[@pbio.3000656.ref001]\]. Chemokines are secreted 8 to 12 kDa proteins that share a conserved topology and are classified into 4 subfamilies (CC, CXC, CX~3~C, and XC) based on the number and arrangement of cysteine residues in their N termini. Chemokine receptors are class A G protein-coupled receptors (GPCRs) that preferentially recognize chemokines from individual subfamilies. However, within their subfamily, many receptors respond to multiple chemokines, often in different or biased ways \[[@pbio.3000656.ref002]\]; additionally, there are examples of receptor-chemokine interactions across subfamilies, notably involving atypical and virally encoded receptors and chemokines \[[@pbio.3000656.ref003]\]. The complexity of the resulting interaction and signaling network has been cited as a reason for the failures of numerous chemokine receptor-targeting clinical candidates, with only 2 small molecule drugs (CXCR4 and CCR5 antagonists) approved by the FDA thus far \[[@pbio.3000656.ref002],[@pbio.3000656.ref004],[@pbio.3000656.ref005]\]. Another reason is the limited understanding of structural principles that determine receptor-chemokine recognition and selectivity, which poses challenges for the development of anti-chemokine therapeutics with desired pharmacological profiles.

Recently, X-ray structures of several receptor complexes with CC and CX~3~C chemokines were determined and have provided insight into general principles of chemokine binding and receptor activation \[[@pbio.3000656.ref006]--[@pbio.3000656.ref009]\]. The structures revealed extensive and compositionally complex interaction interfaces with functionally distinct parts that confirm and expand the canonical "two-site" hypothesis of receptor-chemokine recognition \[[@pbio.3000656.ref010]--[@pbio.3000656.ref014]\]. The two classical parts of the interface are chemokine recognition site 1 (CRS1) where the proximal N terminus of the receptor binds the globular core of the chemokine and CRS2 where the transmembrane (TM) domain binding pocket of the receptor interacts with the N-terminal signaling domain of the chemokine. The structures also revealed an unexpected intermediate anchoring site (CRS1.5) between the conserved disulfide bond of the chemokine and the conserved proline-cysteine motif in the proximal N-terminus of the receptor.

Despite these advances, our understanding of chemokine-receptor interactions remains incomplete for two reasons. First, CXC chemokine complexes have not yet yielded to structure determination efforts. Also, the distal N-termini of receptors are invariably disordered in crystal structures solved thus far. For many receptor-chemokine complexes, the N-terminus is known to play an important role in affinity and selectivity \[[@pbio.3000656.ref015]--[@pbio.3000656.ref018]\], both of which may be further fine-tuned by posttranslational sulfation of tyrosine residues \[[@pbio.3000656.ref019],[@pbio.3000656.ref020]\]. Furthermore, the distal N-terminus has been proposed to be a determinant of chemokine-mediated signaling \[[@pbio.3000656.ref018],[@pbio.3000656.ref021],[@pbio.3000656.ref022]\] and to contribute to signaling bias \[[@pbio.3000656.ref023]\]. These studies established the functional importance of receptor N-termini; however, their interaction geometry with chemokines remains elusive ([S1 Table](#pbio.3000656.s017){ref-type="supplementary-material"}), which is a critical barrier for understanding how chemokines control diverse signaling events. In complementary studies, the interaction geometries have been explored by nuclear magnetic resonance (NMR) with isolated N-terminal peptides of receptors \[[@pbio.3000656.ref024]--[@pbio.3000656.ref031]\] ([S1 Table](#pbio.3000656.s017){ref-type="supplementary-material"}). Although these efforts have captured some important residue pairings, the absence of spatial constraints from the TM domain of intact receptors has led to geometric inconsistencies across the NMR structures and in relation to crystallographic structures of the TM domains \[[@pbio.3000656.ref032],[@pbio.3000656.ref033]\].

Here, we aimed to resolve these inconsistencies and characterize the geometry of the complex of full-length CXC chemokine receptor, CXCR4, and its endogenous chemokine CXCL12, via comprehensive disulfide cross-linking ([S1 Table](#pbio.3000656.s017){ref-type="supplementary-material"}) and cross-linking-guided molecular modeling. Building upon prior experimental and modeling efforts that focused on CRS2 \[[@pbio.3000656.ref006],[@pbio.3000656.ref033]\], we refined the model and completed it by revealing the structural basis for the binding of the full receptor N-terminus to various regions of the chemokine globular core. Consistent with pharmacological evidence of the involvement of the receptor distal N-terminus in chemokine recognition \[[@pbio.3000656.ref018],[@pbio.3000656.ref022]\], we elucidated the geometry of its interactions with the chemokine β1-strand and validated the so-called CRS0.5 previously proposed for a homologous receptor \[[@pbio.3000656.ref034]\]. The complete model provides insights into the role of select polar residues in the receptor and the chemokine and explains the effects of receptor tyrosine sulfation. Furthermore, as complexes containing CXC chemokines have not yet been crystallized, the present experimentally validated full-length CXC receptor-chemokine model is valuable for the analyses of recognition specificity across the major chemokine families.

Results {#sec002}
=======

A structural hypothesis of the CXCR4-CXCL12 interaction guided by CXCL12 chemical properties {#sec003}
--------------------------------------------------------------------------------------------

Disulfide crosslinking \[[@pbio.3000656.ref006],[@pbio.3000656.ref035]\], our chosen approach to reveal the geometry of the CXCR4-CXCL12 complex, involves co-expression of pairs of receptor and chemokine Cys mutants in *Spodoptera frugiperda (Sf9)* insect cells and monitoring the formation of covalent complexes ([S1 Fig](#pbio.3000656.s002){ref-type="supplementary-material"}). Because comprehensive all-to-all pairwise mutagenesis (estimated 54 chemokine core residues × 25 receptor N-terminus residues = 1,350 pairs) is impractical, we sought guidance for the placement of the CXCR4 N-terminus from structural and chemical properties of CXCL12 itself. Peptide binding sites on globular proteins often combine a rigid and hydrophobic center with a flexible polar rim \[[@pbio.3000656.ref036],[@pbio.3000656.ref037]\] or utilize β-sheet-like backbone interactions \[[@pbio.3000656.ref038],[@pbio.3000656.ref039]\]. Accordingly, we evaluated these properties for the exposed structural elements of the CXCL12 globular core (the N-loop, 3~10~ helix, β1-strand, 30s loop, 40s loop, and β3-strand; [Fig 1A and 1B](#pbio.3000656.g001){ref-type="fig"}). Mapping was performed using multiple crystal structures of CXCL12 and yielded the following observations ([Fig 1A--1I](#pbio.3000656.g001){ref-type="fig"}; [S2 Table](#pbio.3000656.s018){ref-type="supplementary-material"}):

-   High degree of solvent exposure and flexibility of residues in the N-loop (12-RFFESH-17), particularly H17, suggest likely involvement in protein-protein interactions ([Fig 1A and 1D--1G](#pbio.3000656.g001){ref-type="fig"}). Such exposure and dynamics are also consistent with fast radiolytic oxidation of these residues in an earlier CXCL12 footprinting experiment \[[@pbio.3000656.ref034]\].

-   High degree of solvent exposure and flexibility also characterize the 40s loop, including the asparagine cluster 44-NNN-46 ([Fig 1A and 1D--1G](#pbio.3000656.g001){ref-type="fig"}).

-   The N-loop and the 40s loop together frame a groove ([Fig 1D, 1F and 1H](#pbio.3000656.g001){ref-type="fig"}, black stroke) on the chemokine surface that has a base lined by the rigid and almost completely buried aliphatic residues from the β3-strand; this composition (rigid hydrophobic bottom and polar flexible rims) is common in peptide-binding interfaces \[[@pbio.3000656.ref036],[@pbio.3000656.ref037]\].

-   The β1-strand (25-HLKIL-29) presents a "path" of solvent-accessible residue backbones ([Fig 1I](#pbio.3000656.g001){ref-type="fig"}, black stroke), whereas the side chains have limited solvent accessibility due to secondary structure constraints ([Fig 1A and 1E](#pbio.3000656.g001){ref-type="fig"}); this arrangement favors backbone-backbone interactions with potential binding partners. In fact, the β1-strand of CXC chemokines mediates homodimerization \[[@pbio.3000656.ref040]\] and may be "repurposed" for binding to the receptor (supported by modeling \[[@pbio.3000656.ref041]\] and the recent NMR structure with the N-terminal peptide of CXCR4 \[[@pbio.3000656.ref025]\]) or other proteins \[[@pbio.3000656.ref042]\].

-   The mostly buried aliphatic residues L26 and I28 in the β1-strand ([Fig 1A and 1E](#pbio.3000656.g001){ref-type="fig"}) likely have a structural role in supporting the integrity of the β-sheet.

![The structural and physicochemical properties of the chemokine CXCL12.\
(A) The sequence of CXCL12, its annotated structural domains, and quantification of side chain conformational variability and normalized SASA. The values are given in [S2 Table](#pbio.3000656.s018){ref-type="supplementary-material"}. (B) The exposed structural elements of CXCL12 highlighted on the crystallographic ensemble of structures. (C) Coordinated conformations of CXCL12 structural elements, which are indicated by asterisks in panel A, captured by clustering of the 30s loop. (D--G) Normalized residue side chain SASA (D--E) and side chain conformational variability (F--G) mapped onto the CXCL12 surface. The highly flexible N- and C-termini are colored orange. (H--I) Exposed residue backbones, polar and nonpolar side chains on the CXCL12 surface. In panels D--I, the black strokes highlight surface grooves in CXCL12. (J--K) A coarse-grain hypothesis of CXCR4 (gray) bound to CXCL12 (surface mesh is colored by known and proposed CRS between the receptor and chemokine). The hypothesis is based on published CRS2 models and the presented structural and physicochemical properties of CXCL12. CRS, chemokine recognition site; SASA, solvent-accessible surface area.](pbio.3000656.g001){#pbio.3000656.g001}

In the available CXCL12 crystal structures, the N-loop, 30s loop, and 40s loop adopt distinct conformations in a coordinated fashion ([Fig 1A and 1C](#pbio.3000656.g001){ref-type="fig"}; [S3 Table](#pbio.3000656.s019){ref-type="supplementary-material"}). It is not known whether all or only some of the resulting principal conformations of CXCL12 are relevant for its interaction with the receptor, which may have implications for generating a high-resolution model of the complex (addressed below).

Altogether, this analysis identified 2 patches on the chemokine surface whose properties made them favorable for interactions with the receptor N-terminus: the N-loop/40s loop groove on one side and the β1-strand on the other. Taking into account the structural constraints imposed by the previously published partial complex models \[[@pbio.3000656.ref006],[@pbio.3000656.ref043]\], we put forward a low-resolution hypothesis to broadly delineate the interaction interfaces and guide selection of residue groups for cross-linking. According to this hypothesis, the proximal N-terminus of CXCR4 (CRS1) binds in the chemokine's N-loop/40s loop groove ([Fig 1J and 1K](#pbio.3000656.g001){ref-type="fig"}, dark blue), while the rest of the N-terminus wraps around the chemokine to interact with the CXCL12 β1-strand, potentially extending the chemokine β-sheet ([Fig 1J and 1K](#pbio.3000656.g001){ref-type="fig"}, light green). The latter interface is consistent with our earlier model of the homologous receptor, ACKR3 \[[@pbio.3000656.ref034]\]. Given the abundance of positive charges on CXCL12 ([Fig 1A](#pbio.3000656.g001){ref-type="fig"} and [S2 Fig](#pbio.3000656.s003){ref-type="supplementary-material"}), we also postulated that the receptor-chemokine interaction is largely driven by electrostatics. Next, we sought to validate and refine this structural hypothesis using geometric constraints from disulfide cross-linking.

Flow cytometry-based disulfide cross-linking identifies prominent CXCR4-CXCL12 residue proximities along the predicted interaction sites {#sec004}
----------------------------------------------------------------------------------------------------------------------------------------

First, the proposed interaction between the distal N-terminus of CXCR4 (residues 3-GISIY-7 and S9) and the β1-strand of CXCL12 (residues 25-HLKIL-29; [Fig 1K](#pbio.3000656.g001){ref-type="fig"}) was systematically and comprehensively probed by disulfide cross-linking. To avoid any bias toward the initial hypothesis, we co-expressed every pair of receptor and chemokine cysteine mutants in this interface in *Sf9* cells (30 pairs total), after which covalent complexes were detected on the cell surface by flow cytometry via the chemokine C-terminal HA tag ([S1 Fig](#pbio.3000656.s002){ref-type="supplementary-material"}). This was possible because, unless it is bound covalently, CXCL12 quickly dissociates from CXCR4 \[[@pbio.3000656.ref044]\] and becomes undetectable on the insect cell surface \[[@pbio.3000656.ref035]\]. In all cases, the antagonist variant \[P2G\]CXCL12 was used \[[@pbio.3000656.ref010]\], because like many agonists, WT CXCL12 does not form high affinity complexes with the receptor, except in the presence of G protein \[[@pbio.3000656.ref045]--[@pbio.3000656.ref047]\]. In the cross-linking experiments, the previously crystallized disulfide cross-linked complex of CXCR4(D187C) with the viral chemokine antagonist vMIP-II(W5C) \[[@pbio.3000656.ref006]\] was used as a positive control, and combinations of these mutants with other chemokine and receptor mutants as negative controls (12 additional mutant pairs).

The data demonstrated positive cross-links between \[P2G\]CXCL12 H25C, K27C, and L29C with the distal N-terminus of the receptor, confirming their proximity and interaction ([Fig 2A and 2B](#pbio.3000656.g002){ref-type="fig"}). \[P2G\]CXCL12(L29C) strongly cross-linked with CXCR4(G3C) (107.2% efficiency compared to CXCR4(D187C)-vMIP-II(W5C); [Fig 2A](#pbio.3000656.g002){ref-type="fig"}; [S4 Table](#pbio.3000656.s020){ref-type="supplementary-material"}). Likewise, the G3C-K27C (135.5%), G3C-H25C (81.7%), Y7C-H25C (88.0%), and S9C-H25C (81.2%) receptor-chemokine combinations cross-linked comparably to CXCR4(D187C)-vMIP-II(W5C), whereas I4C-H25C, S5C-K27C, and S5C-H25C cross-linked moderately well (\>50% efficiency; [Fig 2A](#pbio.3000656.g002){ref-type="fig"}; [S4 Table](#pbio.3000656.s020){ref-type="supplementary-material"}). Although the crosslinking pattern did not reveal a one-to-one correspondence between the receptor and chemokine residues at this interaction interface, definitive asymmetry was observed: CXCR4 S5C cross-linked with \[P2G\]CXCL12 K27C and H25C but not L29C ([Fig 2A and 2B](#pbio.3000656.g002){ref-type="fig"}), whereas the only mutant to cross-link with L29C was CXCR4 G3C ([Fig 2A and 2B](#pbio.3000656.g002){ref-type="fig"}). The observed crosslinking pattern supports an antiparallel geometry, in contrast to a parallel one, for the potential β-sheet between the CXCR4 N-terminus and CXCL12 β1-strand (Figs [1K](#pbio.3000656.g001){ref-type="fig"} and [2B](#pbio.3000656.g002){ref-type="fig"}).

![CXCR4-\[P2G\]CXCL12 intermolecular crosslinking efficiencies detected by flow cytometry.\
(A) A heat map of pairwise cross-linking efficiencies in the predicted CRS0.5, normalized to CXCR4(D187C)-vMIP-II(W5C), a previously crystallized covalent complex. (B) CRS0.5 crosslinking efficiencies mapped onto a 2D schematic of CRS0.5 in the hypothetical antiparallel and parallel β-sheet orientations. The data are more consistent with the antiparallel geometry. (C) A heat map of pairwise cross-linking efficiencies in CRS1, normalized to CXCR4(D187C)-vMIP-II(W5C). (D) CRS1 crosslinking efficiencies mapped onto a 2D schematic of CRS1. (E--F) Heat maps of pairwise cross-linking efficiencies when (E) Cys mutants in CXCR4 CRS1 are co-expressed with Cys mutants in CXCL12 β1-strand (CRS0.5) and (F) vice versa. Gray squares in the heat maps represent residue pairs that were not studied. Data represent the average of *n* ≥ 3 independent biological replicates. The data in numerical form are provided in [S4 Table](#pbio.3000656.s020){ref-type="supplementary-material"}, and the underlying numerical data for [S4 Table](#pbio.3000656.s020){ref-type="supplementary-material"} and figure panels are in [S1 Data](#pbio.3000656.s021){ref-type="supplementary-material"}. CRS, chemokine recognition site.](pbio.3000656.g002){#pbio.3000656.g002}

Interestingly, all interactions involving \[P2G\]CXCL12 L26C and I28C mutants were strongly disfavored ([Fig 2A](#pbio.3000656.g002){ref-type="fig"}). In control experiments with ACKR3 that not only binds \[P2G\]CXCL12 but also displays it on the *Sf9* cell surface without cross-linking because of slow off-rates \[[@pbio.3000656.ref018],[@pbio.3000656.ref035]\], negligible surface chemokine was detected for \[P2G\]CXCL12 L26C and I28C ([S3 Fig](#pbio.3000656.s004){ref-type="supplementary-material"}). This suggests that these mutant chemokines were misfolded, in agreement with the proposed structural role of L26 and I28 ([Fig 1](#pbio.3000656.g001){ref-type="fig"}).

Next, we systematically probed the cross-linking propensities between CXCR4 proximal N-terminus residues (16-MGVGDYDSMK-25) and parts of the \[P2G\]CXCL12 N-loop and 3~10~ helix (15-ESHVARAN-22) ([Fig 1J](#pbio.3000656.g001){ref-type="fig"}). Residue R20 was omitted from mutagenesis, because it is oriented in the opposite direction from the N-loop/40s loop groove in all CXCL12 structures and thus is unlikely to interact with the CXCR4 proximal N-terminus. We also generated CXCL12 40s loop mutants K43C and N44C and included the positive and negative controls as above. Again, to avoid bias, each-to-each receptor-chemokine residue pair cross-linking was attempted within this broadly defined patch, resulting in a total of 100 pairs. This cross-linking effort captured CXCR4 K25C cross-linking with \[P2G\]CXCL12 E15C and S16C, recapitulating previous observations with WT CXCL12 \[[@pbio.3000656.ref033]\]. In fact, these residue pairs cross-linked with greater efficiency than the CXCR4(D187C)-vMIP-II(W5C) control ([Fig 2C and 2D](#pbio.3000656.g002){ref-type="fig"}; [S4 Table](#pbio.3000656.s020){ref-type="supplementary-material"}). Residues Y21, S23, and M24 also cross-linked with \[P2G\]CXCL12 E15 and S16. Despite the cross-linking promiscuity of CXCR4 S18, it was the only residue to strongly cross-link with N22 and to moderately cross-link with N44 in the 40s loop. Furthermore, there was considerable (although less efficient) cross-linking between CXCR4 residues M16-S18 and \[P2G\]CXCL12 A21. These results provide strong evidence for the interaction between the proximal N-terminus of CXCR4 and the N-loop/40s loop groove of CXCL12 (Figs [1J](#pbio.3000656.g001){ref-type="fig"}, [2C and 2D](#pbio.3000656.g002){ref-type="fig"}).

To build confidence in the specificity of the flow cytometry findings and complete the cross-linking set, we co-expressed receptor and chemokine mutants across the predicted interaction sites, that is, CXCR4 CRS1 mutants with proposed \[P2G\]CXCL12 CRS0.5 mutants and vice versa. As expected, weak or negligible cross-linking was observed between the proximal N-terminus of CXCR4 (CRS1) and the CXCL12 β1-strand ([Fig 2E](#pbio.3000656.g002){ref-type="fig"}). Similar to cross-linking in the proposed CRS0.5 interface ([Fig 2A and 2B](#pbio.3000656.g002){ref-type="fig"}), H25 demonstrated a pattern of multiple weak cross-links, suggesting lack of specificity for this residue. An additional moderate cross-link was detected between CXCR4 G19C and \[P2G\]CXCL12 K27C, which was hard to reconcile in our hypothesized model; therefore, this pair was included in follow-up pull-down/Western blotting studies (below).

Unexpectedly, when probing the opposite combination, we observed considerable cross-linking between the distal N-terminus of CXCR4 (CRS0.5) and \[P2G\]CXCL12 H17C ([Fig 2F](#pbio.3000656.g002){ref-type="fig"}). Similar to H25C, the lack of specificity for CXCL12 H17C may in part be explained by its unusually high solvent accessibility in the CXCL12 structures ([Fig 1A and 1D](#pbio.3000656.g001){ref-type="fig"}; [S2 Table](#pbio.3000656.s018){ref-type="supplementary-material"}). This proximity contradicts our initial structural hypothesis and suggests a potential alternative or a transient intermediate conformation in which the distal N-terminus of CXCR4 binds to the N-loop/40s loop groove of CXCL12; this conformation is likely facilitated by the similarity of the physicochemical properties in the distal and proximal N-terminal sequences of CXCR4 (2-EGISIYTS-9 versus 15-EMGSGDYDS-23). The strongest cross-interface pair of CXCR4(S9C) with CXCL12(H17C) was also included in the follow-up pull-down experiments (below).

Low throughput follow-up characterization of complexes by pull-down and Western blotting corroborates proximities identified by flow cytometry {#sec005}
----------------------------------------------------------------------------------------------------------------------------------------------

Based on the flow cytometry data, a small number of receptor-chemokine combinations were selected for verification using an orthogonal and established method \[[@pbio.3000656.ref006],[@pbio.3000656.ref034],[@pbio.3000656.ref035]\]. The cross-linked complexes were extracted from detergent-solubilized *Sf9* membranes via metal affinity pull-down using a His-tag on the receptor; the pulled-down complexes were separated on a nonreducing SDS-PAGE and probed for co-migrating chemokine by Western blotting ([S1 Fig](#pbio.3000656.s002){ref-type="supplementary-material"}). These experiments included several pairs that appeared strongly cross-linked in the flow cytometry experiments ([Fig 2](#pbio.3000656.g002){ref-type="fig"}), as well as select weakly cross-linked (Y21C-N22C and Y21C-N44C, [Fig 2C](#pbio.3000656.g002){ref-type="fig"}) or non-cross-linked (K25C-A21C) combinations.

Consistent with expectations, the control pair of CXCR4(D187C) and vMIP-II(W5C) provided one of the brightest bands on anti-HA blots, indicating a large amount of HA-tagged chemokine co-migrating, and hence cross-linked, with the receptor ([Fig 3A](#pbio.3000656.g003){ref-type="fig"}). Comparable amounts of co-migrating chemokine were observed when CXCR4(K25C) was co-expressed with \[P2G\]CXCL12 E15C and S16C, CXCR4(M24C) with \[P2G\]CXCL12(S16C) or CXCR4 M16C and G17C with \[P2G\]CXCL12(A21C) ([Fig 3A and 3B](#pbio.3000656.g003){ref-type="fig"}): these pairs recapitulated flow cytometry findings in CRS1. The CRS1 pairs of CXCR4(Y21C) with \[P2G\]CXCL12 N22C and N44C and CXCR4(K25C) with \[P2G\]CXCL12(A21C), which had low anti-HA detection by flow cytometry, showed low-to-negligible co-migrating chemokine in this experiment as well ([Fig 3A and 3B](#pbio.3000656.g003){ref-type="fig"}). For the CRS0.5 interface, the pull-down/Western blotting results reiterated the antiparallel geometry of the CXCR4 N-terminus and \[P2G\]CXCL12 β1-strand ([Fig 3A and 3B](#pbio.3000656.g003){ref-type="fig"}). In particular, the detection of the S9C-L29C complex, consistent with the alternative, parallel β-sheet geometry at this site ([Fig 2B](#pbio.3000656.g002){ref-type="fig"}), was negligible ([Fig 3A and 3B](#pbio.3000656.g003){ref-type="fig"}), suggesting that such geometry is unlikely or unstable. In general, cross-linked chemokine quantification by pull-down and Western blotting agreed well with that by flow cytometry, as indicated by their positive relationship ([S4A Fig](#pbio.3000656.s005){ref-type="supplementary-material"}). This confirmed that flow cytometry, which is much less labor intensive, is sufficiently sensitive and predictive of the quantity of cross-linked complex in pulled-down samples. For future studies, flow cytometry detection alone should be sufficient to map intermolecular residue proximities and to inform efforts of deducing receptor-chemokine interaction geometry by molecular modeling (below).

![CXCR4-\[P2G\]CXCL12 intermolecular cross-linking efficiencies detected by nonreducing SDS-PAGE and Western blotting of pulled down complexes.\
(A) Nonreducing SDS-PAGE and Western blot of His-pull-downs of select combinations of CXCR4 and \[P2G\]CXCL12 cysteine mutants. The Flag-CXCR4-T4L receptor and \[P2G\]CXCL12-HA chemokine were detected by LI-COR IRDye conjugated secondary antibodies on a single blot (emission wavelength of 680 nm and 800 nm, visualized in red and green, respectively). Emitted fluorescence detected at 800 nm and 680 nm from the same band of the Western blot is indicative of the receptor and chemokine co-migrating on the gel and thus cross-linked. Images are representative of *n* = 3 independent replicates. (B) Comparison of cross-linking efficiency determined by flow cytometry (black bars) and Western blotting (green bars). Crosslinking efficiency by Western blotting is given by the anti-HA:IR800 fluorescence intensity. (C) The percentage of cross-linked receptor obtained from Western blotting of the pull-down samples, calculated as the ratio of the IR680 (red) signal intensity of the upper Flag band to the total receptor IR680 signal. Data in (B) and (C) are the mean and SEM of *n* = 3 independent replicates. The underlying numerical data for each figure panel can be found in [S1 Data](#pbio.3000656.s021){ref-type="supplementary-material"}.](pbio.3000656.g003){#pbio.3000656.g003}

In addition to the amount of co-migrating chemokine, Western blotting allowed evaluation of an orthogonal property of the cross-linked complexes, namely, fraction of extracted receptor that was cross-linked with the chemokine, by comparing the intensities of receptor double bands on the blot. Such quantitation is not possible with flow cytometry. The control pair of CXCR4(D187C) and vMIP-II(W5C) formed nearly 100% cross-linked complex, as shown previously \[[@pbio.3000656.ref006]\], whereas for other crosslinking pairs, distinct chemokine-bound and unbound receptor species were observed ([Fig 3A](#pbio.3000656.g003){ref-type="fig"}). As expected, these double bands collapsed into a single band in the presence of a reducing agent ([S5 Fig](#pbio.3000656.s006){ref-type="supplementary-material"}), except for the control that appeared partially resistant to reduction. For the positive cross-linked samples, approximately 50% of total receptor was cross-linked relative to CXCR4(D187C)-vMIP-II(W5C) control ([Fig 3C](#pbio.3000656.g003){ref-type="fig"}, [S4 Table](#pbio.3000656.s020){ref-type="supplementary-material"}), whereas for weaker crosslinks, this fraction was lower. In general, the fraction cross-linked was correlated with the amount of co-migrating chemokine ([S4B Fig](#pbio.3000656.s005){ref-type="supplementary-material"}).

Experiment-guided molecular modeling of the CXCR4 N-terminus interaction with CXCL12 {#sec006}
------------------------------------------------------------------------------------

Based on the resulting residue proximities, we generated atomic-resolution models of the CXCR4-CXCL12 complex ([S1 Fig](#pbio.3000656.s002){ref-type="supplementary-material"}). For this, the fully flexible N-terminus of CXCR4 was subjected to biased probability Monte Carlo (BPMC) conformational sampling in internal coordinates \[[@pbio.3000656.ref048]\], starting from random initial conformations and in the context of a flexible side-chain model of CXCL12. Three sulfated tyrosines (Y7, Y12, and Y21) were included in the receptor N-terminus to better understand their role in chemokine recognition \[[@pbio.3000656.ref019],[@pbio.3000656.ref024],[@pbio.3000656.ref049]\]. In the course of sampling, weighted harmonic distance restraints were imposed between all receptor-chemokine residue pairs that demonstrated \>65% cross-linking efficiency in flow cytometry, including the seemingly contradictory pairs, with weights calculated by a linear transformation of the cross-linking efficiencies ([S6 Fig](#pbio.3000656.s007){ref-type="supplementary-material"}, [S4 Table](#pbio.3000656.s020){ref-type="supplementary-material"}). Cross-linking efficiencies determined by pull-downs and Western blotting were not used in modeling to ensure that our cross-linking restraint set is large, unbiased, and methodologically uniform.

Following extensive sampling, the distal N-terminus extended into an antiparallel β-sheet with the CXCL12 β1-strand, mimicking the intermolecular packing of CXCL12 homodimers in the 3 lowest energy model conformations ([S7 Fig](#pbio.3000656.s008){ref-type="supplementary-material"}). This geometry was consistently ranked first despite the cross-linking ambiguities across the different predicted interaction interfaces ([Fig 2](#pbio.3000656.g002){ref-type="fig"} and [S6B Fig](#pbio.3000656.s007){ref-type="supplementary-material"}) and was also compatible with different CXCL12 backbone conformations ([S8 Fig](#pbio.3000656.s009){ref-type="supplementary-material"}) clustered and selected based on our analysis of structural elements ([S3 Table](#pbio.3000656.s019){ref-type="supplementary-material"}). To confirm mutual consistency between our approach and the resulting model, we introduced 2 explicit disulfides between residues pairs with high cross-linking efficiency by flow cytometry (K25C-E15C and G3C-L29C) and demonstrated that they can be accommodated with minor adjustments to the top-ranking geometry ([S9 Fig](#pbio.3000656.s010){ref-type="supplementary-material"}).

Detailed geometry of the complex between full-length CXCR4 and CXCL12 {#sec007}
---------------------------------------------------------------------

The best-scoring conformation of the complex featured the CXCL12 backbone geometry from PDB 3GV3 \[[@pbio.3000656.ref050]\] (conformational cluster 2, [S8 Fig](#pbio.3000656.s009){ref-type="supplementary-material"} and [S3 Table](#pbio.3000656.s019){ref-type="supplementary-material"}). It was thus merged with the previously published partial (CRS2) CXCR4-CXCL12 model \[[@pbio.3000656.ref043]\] to produce a full-length complex. The merged complex was subjected to local gradient minimization with restraints, which improved the interhelical packing in the TM domain as well as the packing of the chemokine globular core against it. Finally, the proximal N-terminus of CXCL12 was refolded in the newly shaped TM binding pocket (CRS2) to complete the model ([Fig 4A](#pbio.3000656.g004){ref-type="fig"}, [S2 Data](#pbio.3000656.s022){ref-type="supplementary-material"}).

![Experiment-guided model of the full-length CXCR4-CXCL12 complex.\
(A) An overview of the complete CXCR4-CXCL12 complex model. The receptor and CXCL12 are shown in black and purple ribbon, respectively. (B--E) The polar interactions across the various CRSs, which drive CXCL12 binding to the receptor. The receptor is shown in black ribbon and the chemokine in molecular surface mesh. Polar, negatively and positively charged side chains on the surface are colored in cyan, red, and blue, respectively, and the nonpolar surface is white. The chemokine residue labels are colored by their charge: negative (red) and positive (blue). In panel E, dominant polar interactions in CRS0.5 and CRS1 with hydrogen bonds are shown as orange dotted lines. (F) The predicted interactions between receptor sulfotyrosines and CXCL12 polar and charged residue clusters. (G) Predicted interactions of the CXCL12 N-terminus in the TM binding pocket of CXCR4. The binding of the proximal N-terminus of the chemokine in the major subpocket of the receptor is likely a defining feature for CXC receptor-chemokine complexes. The TM domain of the receptor is shown as a cut-away surface. Model coordinates are provided as [S2 Data](#pbio.3000656.s022){ref-type="supplementary-material"}. CRS, chemokine recognition site; TM, transmembrane.](pbio.3000656.g004){#pbio.3000656.g004}

The resulting full-length model featured multiple newly predicted, energetically favorable polar residue interactions---for example, charge-charge interactions of CXCR4 CRS1 residues E26 with CXCL12 R47 (β3-strand), K25 with E15 (N-loop), D20 with K56 (C-terminal helix), and E15 with K43 (40s loop; [Fig 4B, 4C and 4E](#pbio.3000656.g004){ref-type="fig"}). These interactions also persisted in at least 2 out of 3 top-ranking conformations of the partial complex ([S7 Fig](#pbio.3000656.s008){ref-type="supplementary-material"}). Furthermore, the model explained the important role of sulfated tyrosines in chemokine recognition: extensive interactions were observed between the sulfated Y21 and CXCL12 N22 (3~10~ helix), N44, and N45 (40s loop; [Fig 4C and 4F](#pbio.3000656.g004){ref-type="fig"}). Although these proximities were somewhat supported by pull-down and Western blotting ([Fig 3A and 3B](#pbio.3000656.g003){ref-type="fig"}), they were not evident from flow cytometry ([Fig 2C](#pbio.3000656.g002){ref-type="fig"}) and, consequently, were not included as distance restraints in modeling ([S4 Table](#pbio.3000656.s020){ref-type="supplementary-material"}). Thus, the identification of these interactions is not a trivial consequence of modeling restraints but rather an unbiased reflection of true binding preferences. These interactions are the key distinction between the lowest energy conformation and the other conformations ([S7 Fig](#pbio.3000656.s008){ref-type="supplementary-material"}). Additionally, complementary charge-charge interaction clusters were predicted for the other sulfotyrosines in the receptor N-terminus (Y7 and Y12), the former with K24 and H25 in the chemokine β1-strand and the latter with K64 in its C-terminal helix ([Fig 4B and 4F](#pbio.3000656.g004){ref-type="fig"}). All these interactions support the hypothesis that CXCL12 binding to CXCR4 is driven by electrostatics ([S2 Fig](#pbio.3000656.s003){ref-type="supplementary-material"}) and explain the role of individual basic residues in the chemokine.

Our previous efforts to model CRS2 interactions of the CXCR4-CXCL12 complex resulted in positioning of the CXCL12 distal N-terminus in the minor subpocket, similar to the CXCR4-vMIP-II crystal structure that was used as a modeling template \[[@pbio.3000656.ref006]\], with no occupancy of the major subpocket. However, the improved interhelical packing of the full-length model presented here allowed it to favorably and reproducibly accommodate the proximal N-terminus of CXCL12 in a new geometry, in which it occupies the major subpocket ([Fig 4D and 4G](#pbio.3000656.g004){ref-type="fig"} and [S10 Fig](#pbio.3000656.s011){ref-type="supplementary-material"}). This contrasts the geometry of complexes from CC \[[@pbio.3000656.ref007]\] and CX~3~C \[[@pbio.3000656.ref008],[@pbio.3000656.ref009]\] families, in which the proximal N-terminus of chemokines occupies the minor subpocket instead ([S10 Fig](#pbio.3000656.s011){ref-type="supplementary-material"}). The new geometry and the resulting occupancy of the major subpocket of CXCR4 by the proximal N-terminus of CXCL12 may be a defining feature for CXC receptor-chemokine selectivity against other subfamilies (CC and CX~3~C; [S10 Fig](#pbio.3000656.s011){ref-type="supplementary-material"}), unexplained by previous structural studies.

The final full-length model places in close vicinity those residue pairs that were demonstrated to cross-link, whereas non--cross-linking residues are mostly distant ([S11 Fig](#pbio.3000656.s012){ref-type="supplementary-material"}). Whenever cross-link quantitation by flow cytometry was discordant with that by pull-down and Western blotting, the model tends to agree with the latter---for example, the pairs of CXCR4 S9/CXCL12 H17 (107.7% ± 16.3% efficiency by flow cytometry but only 29.8.1% ± 9.81% by pull-down and Western blotting), Y7/K27 (62.5% ± 5.3% versus 16.7% ± 2.0%), S9/L29 (47.9% ± 6.9% versus 13.2% ± 2.4%), and G19/K27 (76.0% ± 5.9% versus 18.4% ± 5.9%; [Fig 3B](#pbio.3000656.g003){ref-type="fig"} and [S4A Fig](#pbio.3000656.s005){ref-type="supplementary-material"}) are all distant in the lowest energy model, despite being present as restraints at the sampling stage. In fact, guided by these conflicting cross-links, the sampling procedure has identified potential intermediate steps in CXCR4-CXCL12 complex formation ([S12 Fig](#pbio.3000656.s013){ref-type="supplementary-material"}). For example, because the CXCL12 H17C mutant cross-linked with most CXCR4 CRS0.5 and CRS1 residues, conformations in which the distal N-terminus resides in the vicinity of the N-loop were captured; these conformations may represent transient complex geometries that form before the CRS0.5 interaction is locked ([Fig 4](#pbio.3000656.g004){ref-type="fig"} and [S12A Fig](#pbio.3000656.s013){ref-type="supplementary-material"}). An alternative explanation for these cross-links involves the CXCL12 dimer, in which the CXCR4 N-terminus in a fully extended conformation may reach CRS1 of the CXCL12 dimer partner ([S12B Fig](#pbio.3000656.s013){ref-type="supplementary-material"}).

Finally, several weakly positive receptor-chemokine residue pairs could not be explained by either our best-scoring model geometry or by the alternative/transient geometries ([S12 Fig](#pbio.3000656.s013){ref-type="supplementary-material"}). These pairs include CXCR4 M16C, Y21C, and S23C with \[P2G\]CXCL12 H25C and CXCR4 G19C with \[P2G\]CXCL12 K27C. We therefore sought to determine whether these proximities were consistent with other complex geometries proposed in the literature so far \[[@pbio.3000656.ref006],[@pbio.3000656.ref025],[@pbio.3000656.ref051],[@pbio.3000656.ref052]\]. Previously published geometries were also incompatible with the offending cross-links, and, in fact, they are incompatible with the majority of cross-linking data generated here, including strong cross-links such as CXCR4 K25C with CXCL12 E15C, CXCR4 Y21C with CXCL12 H17C, and CXCR4 Y7C with CXCL12 H25C ([S11 Fig](#pbio.3000656.s012){ref-type="supplementary-material"}). Therefore, in comparison with prior models, the model generated here displayed marked improvement in recognizing the strongest experimental cross-links at shorter distances ([S13 Fig](#pbio.3000656.s014){ref-type="supplementary-material"}).

Validation of prospective predictions from the model in a functional assay {#sec008}
--------------------------------------------------------------------------

Our final model predicted several salt-bridge type interactions in CRS1 that were not identified by previously published models \[[@pbio.3000656.ref025],[@pbio.3000656.ref051]\] and were also outside of the set of distance restraints used in the simulation. These included two salt bridges: one between CXCR4 E26 and CXCL12 R47 and another between CXCR4 D20 and CXCL12 K56 ([Fig 5](#pbio.3000656.g005){ref-type="fig"}, [S2 Data](#pbio.3000656.s022){ref-type="supplementary-material"}). Previous one-sided receptor mutagenesis studies have suggested a role for D20 and E26 in CXCL12 binding \[[@pbio.3000656.ref053],[@pbio.3000656.ref054]\]; however, their functional role has not been verified. On the chemokine side, CXCL12 R47 mutations to Ala or Glu have been shown to reduce its potency towards CXCR4 activation \[[@pbio.3000656.ref024]\]. However, the exact pairing between CXCR4 and CXCL12 residues in the complex has never been explored. Here, to validate model predictions, reciprocal charge reversal (also known as charge swap; [S1 Table](#pbio.3000656.s017){ref-type="supplementary-material"}) mutagenesis was performed. Using a bioluminescence resonance energy transfer (BRET)-based β-arrestin-2 recruitment assay in human embryonic kidney 293T (HEK293T) cells, we found that wild-type (WT) CXCL12 displayed reduced potency and efficacy with the charge-reversal CXCR4 mutant E26R (pEC~50~ 6.68 ± 0.07, Emax 87.9% ± 3.8%, *n* = 3), relative to WT CXCR4 (pEC~50~ 7.40 ± 0.04, Emax normalized to 100%; [Fig 5A and 5B](#pbio.3000656.g005){ref-type="fig"}, [Table 1](#pbio.3000656.t001){ref-type="table"}). These defects were not a result of impairments in receptor surface expression ([S14 Fig](#pbio.3000656.s015){ref-type="supplementary-material"}). On the chemokine side, the R47E mutation resulted in a partial agonist with strongly deteriorated potency and efficacy toward WT CXCR4 (pEC~50~ 6.50 ± 0.10, Emax 88.23% ± 6.6%, *n* = 3; [Fig 5A and 5B](#pbio.3000656.g005){ref-type="fig"}, [Table 1](#pbio.3000656.t001){ref-type="table"}), consistent with previous studies \[[@pbio.3000656.ref024]\]. However, when CXCR4(E26R) was stimulated by CXCL12(R47E), β-arrestin-2 recruitment efficacy was restored to WT levels, and potency was restored partially (pEC~50~ 6.88 ± 0.08, Emax 101.8% ± 4.6%, *n* = 3; [Fig 5B](#pbio.3000656.g005){ref-type="fig"}), which confirms the predicted pairwise interaction of E26 and R47. This rescue of function by CXCL12(R47E) was specific to CXCR4(E26R) and was not observed with a proximal CXCR4 mutation, D20R, consistent with the lack of direct interaction between CXCR4 D20 and CXCL12 R47 in the model ([Fig 5C and 5D](#pbio.3000656.g005){ref-type="fig"}).

![Validation of predicted interactions in CRS1 via loss-of-function and reciprocal charge-reversal substitutions in a BRET2-based β-arrestin recruitment assay.\
(A) The predicted interaction between CXCR4 E26 and CXCL12 R47. (B) Individual charge reversals (E26R in CXCR4 or R47E in CXCL12) lead to substantial deficits in both potency and efficacy of β-arrestin recruitment; however, when these mutants are combined, the deficits are partially rescued. (C) According to the model, CXCR4 D20 and CXCL12 R47 are located 15.8 Å away from each other and do not interact. (D) Combining CXCR4(D20R) and CXCL12(R47E) does not rescue signaling deficits caused by each of these mutations individually. (E) The predicted interaction between CXCR4 D20 and CXCL12 K56. (F) Unlike CXCR4(D20R), the K56E mutation in CXCL12 does not cause any detectable signaling defects, therefore, functional rescue was not attempted. Data represent at least *n* = 3 independent biological replicates. The mean and SEM is reported for each point. WT curves were obtained in parallel with each respective mutant. The underlying numerical data for each figure panel can be found in [S1 Data](#pbio.3000656.s021){ref-type="supplementary-material"}. BRET, bioluminescence resonance energy transfer; CRS, chemokine recognition site; WT, wild type.](pbio.3000656.g005){#pbio.3000656.g005}
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###### Pharmacological parameters obtained in β-arrestin-2 recruitment assays.

![](pbio.3000656.t001){#pbio.3000656.t001g}

  pEC50 (Emax)   CXCL12(WT)                                                                                                CXCL12(R47E)                                                                                                                                     CXCL12(K56E)
  -------------- --------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------ ----------------------------
  CXCR4(WT)      7.40 ± 0.04 (normalized to 100%)                                                                          6.50 ± 0.10[^a^](#t001fn001){ref-type="table-fn"} (88.23% ± 6.6%)                                                                                7.44 ± 0.06 (94.1% ± 2.9%)
  CXCR4(E26R)    6.68 ± 0.07[^a^](#t001fn001){ref-type="table-fn"} (87.9% ± 3.8%[^b^](#t001fn002){ref-type="table-fn"})    6.88 ± 0.08[^c^](#t001fn003){ref-type="table-fn"} (101.8% ± 4.6%[^d^](#t001fn004){ref-type="table-fn"})                                          ND
  CXCR4(D20R)    6.79 ± 0.08[^a^](#t001fn001){ref-type="table-fn"} (78.54% ± 4.1%[^b^](#t001fn002){ref-type="table-fn"})   5.89 ± 0.24[^a^](#t001fn001){ref-type="table-fn"} (85.22% ± 22.9%[^b^](#t001fn002){ref-type="table-fn"}[^e^](#t001fn005){ref-type="table-fn"})   ND

^a^pEC50 significantly different from CXCR4(WT)-CXCL12(WT) according to the extra sum-of-squares F test (*p* \< 0.05).

^b^Emax significantly different from CXCR4(WT)-CXCL12(WT) according to the extra sum-of-squares F test (*p* \< 0.05).

^c^pEC50 significantly different from CXCR4(WT)-CXCL12(R47E) according to the extra sum-of-squares F test (*p* \< 0.05).

^d^Emax significantly different from CXCR4(E26R)-CXCL12(WT) according to the extra sum-of-squares F test (*p* \< 0.05).

^e^Curve incomplete and therefore Emax impossible to fit accurately.

**Abbreviations:** ND, not determined; pEC50, -log~10~ half maximal effective concentration; WT, wild type

Similar to the CXCR4 E26R, CXCR4 D20R demonstrated potency and efficacy deficits when stimulated with WT CXCL12 (pEC~50~ 6.79 ± 0.08, Emax 78.54% ± 4.1%, *n* = 4; [Fig 5E and 5F](#pbio.3000656.g005){ref-type="fig"}, [Table 1](#pbio.3000656.t001){ref-type="table"}). However, on the chemokine side, the introduction of charge-reversal glutamic acid substitution on residue K56 did not lead to any detectable signaling deficits with WT CXCR4 ([Fig 5E and 5F](#pbio.3000656.g005){ref-type="fig"}). Consequently, functional rescue of CXCR4 D20R with CXCL12 K56E was not attempted. With the highly positive electrostatic surface of CXCL12 ([S2 Fig](#pbio.3000656.s003){ref-type="supplementary-material"}), it is conceivable that a single mutation does not result in a functional deficit. Overall, the pairwise charge-swap validation of the CXCR4 E26 and CXCL12 R47 interaction, as well as the loss of function with CXCR4 D20R mutation, provide strong prospective validation and support for our proposed CXCR4-CXCL12 geometry.

Discussion {#sec009}
==========

Many GPCRs have extended flexible N-termini, which are often posttranslationally modified and contribute to ligand binding and receptor signaling \[[@pbio.3000656.ref055]\]. For chemokine receptors, the N-terminus is known to be a determinant of chemokine affinity and to contribute to specificity \[[@pbio.3000656.ref014],[@pbio.3000656.ref017]\]; it is also increasingly being appreciated for its role in signaling efficacy \[[@pbio.3000656.ref018],[@pbio.3000656.ref022],[@pbio.3000656.ref023]\]. However, because the distal N-termini of receptors are invariably unresolved in receptor-chemokine crystal structures, the structural basis for their regulation of chemokine affinity and signaling remains elusive.

Previous efforts to understand receptor-chemokine interactions have been predominantly "single-sided," that is, directed at characterization of binding surfaces of individual partners rather than pairwise interaction geometry ([S1 Table](#pbio.3000656.s017){ref-type="supplementary-material"}). On the chemokine side, most of these studies established the N-loop/40s loop cleft as the key receptor binding interface \[[@pbio.3000656.ref024],[@pbio.3000656.ref026],[@pbio.3000656.ref030],[@pbio.3000656.ref031]\], whereas some also pointed toward the involvement of CXC chemokine β1-strands. For example, in transferred cross-saturation NMR experiments, several CXCL12 β1-strand residues (L26, I28 and L29) displayed enhanced signal reduction ratios in the presence of detergent-solubilized CXCR4 \[[@pbio.3000656.ref056]\]. Similarly, in a radiolytic footprinting study, detergent-solubilized ACKR3 protected the same CXCL12 residues from radiolytic oxidation \[[@pbio.3000656.ref034]\]. Perturbations of the CXCL8 β1-strand were also reported upon binding of soluble or membrane-bound CXCR1 N-terminus in solution NMR \[[@pbio.3000656.ref026],[@pbio.3000656.ref057]\], and β1-strand mutations weakened the affinity and potency of CXCL8 towards CXCR1/2 \[[@pbio.3000656.ref058],[@pbio.3000656.ref059]\].

To deduce the geometry and hence the structural basis for these phenomena, a series of complementary NMR studies were conducted; in these studies, isolated N-terminal peptides rather than full-length receptors were used. This approach bypasses challenges of purifying stable receptors in a membrane-like environment and can often capture dominant intermolecular proximities; however, the resulting interaction geometries often conflict with each other \[[@pbio.3000656.ref024],[@pbio.3000656.ref025],[@pbio.3000656.ref030],[@pbio.3000656.ref049],[@pbio.3000656.ref060]\] and are also hard to reconcile with the receptor TM domains \[[@pbio.3000656.ref032],[@pbio.3000656.ref033]\]. Recently, two independent studies postulated direct binding of receptor distal N-termini to the β1-strand of CXCL12: an NMR study \[[@pbio.3000656.ref025]\] utilized pairwise proximities from intermolecular nuclear Overhauser effects did not involve the receptor TM domain, and yielded a parallel β-sheet geometry, whereas our study \[[@pbio.3000656.ref034]\] involving a full-length homologous receptor ACKR3 but only one-sided interaction evidence by radiolytic footprinting proposed an antiparallel β-sheet.

The present work resolves these ambiguities. Using disulfide cross-linking we mapped, in a comprehensive and unbiased manner, pairwise residue proximities between the N-terminus of CXCR4 and \[P2G\]CXCL12, hence collecting unique interaction geometry information unattainable by the traditional "single-sided" approaches. Importantly, our effort was undertaken using a full-length receptor, hence avoiding artifacts caused by the absence of the TM domain. As a result we not only successfully recapitulated the CRS1 consistent with earlier NMR studies, models, and crystal structures of homologous receptors but also established the geometry of the novel CRS0.5, in which the distal N-terminus of CXCR4 extends into an antiparallel β-sheet with the β1-strand of CXCL12. The cross-linking--derived proximities were combined with molecular modeling to produce a complete atomic-resolution model of the complex between CXCL12 and full-length CXCR4, which was then validated prospectively both through loss-of-function and reciprocal charge-reversal mutagenesis (the latter an orthogonal experimental technique for testing pairwise residue interactions \[[S1 Table](#pbio.3000656.s017){ref-type="supplementary-material"} and the work by Stephens and colleagues \[[@pbio.3000656.ref022]\]\]).

The model, and in particular the novel CRS0.5 interface, reveal unique structural principles of CXC receptor-chemokine recognition, regulation, and signaling, as well as the basis of selectivity against other subfamilies. For example, unlike in the CC chemokine case \[[@pbio.3000656.ref061]\], dimerization and receptor binding are not mutually exclusive for CXC chemokines \[[@pbio.3000656.ref006]\]: the dimeric forms of such chemokines can activate receptors, albeit with affinity and pharmacology that are different from the monomers \[[@pbio.3000656.ref024],[@pbio.3000656.ref062]--[@pbio.3000656.ref064]\]. Because the receptor-chemokine interaction in CRS0.5 mimics and competes with CXC chemokine dimerization, it provides a structural basis for these differences. Moreover, CRS0.5 also explains the previously observed intriguing effects of β1-strand mutations on CC versus CXC chemokine selectivity, in which CC-mimicking mutations in the CXCL8 β1-strand endowed it with CC chemokine characteristics, including monocyte chemotactic activity and CCR1 binding \[[@pbio.3000656.ref058],[@pbio.3000656.ref059]\], whereas reciprocal mutations bestowed neutrophil chemotactic activity (intrinsic to CXC chemokines) onto CCL2 \[[@pbio.3000656.ref065]\]. Finally, the selectivity insights from the model extend beyond CRS0.5: we also propose the basis for unique engagement of the proximal chemokine N-terminus in the major subpocket of the receptor, in which the conserved arginine residue preceding the chemokine CXC motif (R8 in CXCL12) is coordinated by the conserved acid in the receptor TM6 position 6.58 (D262^6.58^ in CXCR4, [Fig 4G](#pbio.3000656.g004){ref-type="fig"}). This engagement depends on a unique CXC-motif-dependent "bend" \[[@pbio.3000656.ref006]\] in the chemokine N-terminus \[[@pbio.3000656.ref006],[@pbio.3000656.ref060]\] and may be a distinguishing feature of CXC complexes ([S10 Fig](#pbio.3000656.s011){ref-type="supplementary-material"}). In the case of CXCR4-CXCL12 it is consistent with reports of deleterious effects of D262^6.58^ and R8 mutations, respectively \[[@pbio.3000656.ref022],[@pbio.3000656.ref025],[@pbio.3000656.ref033]\]. It is also consistent with earlier observations of the critical role of the "ELR" (Glu-Leu-Arg) motif in other, neutrophil-activating CXC chemokines \[[@pbio.3000656.ref066],[@pbio.3000656.ref067]\], as well as the corresponding TM6 residue of neutrophil chemotactic CXC receptors \[[@pbio.3000656.ref068],[@pbio.3000656.ref069]\] (D265^6.58^ in CXCR1). Both the chemokine N-terminal "bend" and the conserved CXC-specific recognition determinants are absent in the CC and CX~3~C complexes \[[@pbio.3000656.ref007]--[@pbio.3000656.ref009]\] ([S10 Fig](#pbio.3000656.s011){ref-type="supplementary-material"}) and thus contribute to intersubfamily selectivity.

In fact, the CXCR4-CXCL12 complex may be unique compared to other CXC subfamily receptor-chemokine pairs. First, it extensively relies on the chemokine distal N-terminus interactions with the minor subpocket \[[@pbio.3000656.ref010],[@pbio.3000656.ref033]\]. This is in contrast to other, neutrophil-specific CXC complexes that tolerate N-terminal truncations up to the "ELR" motif in the chemokine with only minor impairment of signaling \[[@pbio.3000656.ref066],[@pbio.3000656.ref070]\]. Additionally, CXCR4 features a basic amino acid (R30) 2 residues downstream of the N-terminal cysteine, which is a characteristic of CC rather than CXC receptors \[[@pbio.3000656.ref060]\]. We hypothesize that these features allow CXCR4 to bind, with high affinity, to the virally encoded CC chemokine vMIP-II \[[@pbio.3000656.ref006]\], which itself mimics CXC chemokines by having a unique arginine (R7) in the proximal N-terminus, highly important for receptor binding \[[@pbio.3000656.ref071]\] ([S10 Fig](#pbio.3000656.s011){ref-type="supplementary-material"}). Therefore, the features identified by the present CXCR4-CXCL12 model explain not only CXC versus CC/CX~3~C selectivity but also the rare and seemingly paradoxical coupling between a CXC receptor and a CC chemokine.

Our results suggest the structural basis by which tyrosine sulfation of the CXCR4 N-terminus improves its binding affinity for CXCL12. Corroborating our predictions, earlier NMR studies of CXCL12 with sulfotyrosinated receptor N-terminal peptides identified sY21 to be positioned similarly in the CXCL12 N-loop/40s loop groove and interacting with N22 and N46 (compared to the cluster of N22, N44 and N45 in our model, [Fig 4C](#pbio.3000656.g004){ref-type="fig"}) \[[@pbio.3000656.ref024],[@pbio.3000656.ref049]\]. The predicted interactions of sY21 with an asparagine cluster of CXCL12 are reminiscent of CCR5 sulfotyrosine recognition by a similar cluster of the HIV envelope glycoprotein gp120 \[[@pbio.3000656.ref072]\], suggesting that asparagine clusters may constitute preferred sulfotyrosine binding motifs. By contrast with sY21, the placement of other sulfotyrosines in earlier NMR-derived CXCR4-CXCL12 models is incompatible with the spatial constraints imposed by the receptor TM domain and the structurally determined receptor-chemokine architecture \[[@pbio.3000656.ref006],[@pbio.3000656.ref033]\]. This reiterates the importance of studying receptor-chemokine interactions in the context of the full-length receptor.

Interestingly, ambiguities in the cross-linking data allowed for several alternative CXCR4-CXCL12 complex geometries, among which we identified the most probable and favorable one by flexible molecular docking in the presence of weighted local distance restraints. The locality ensured that the maximum number of restraints was satisfied in the final model, hence overcoming the ambiguous signal across the proposed interaction sites. This approach is conceptually similar to nuclear Overhauser effect-based distance restraints in NMR structure calculations \[[@pbio.3000656.ref030]\]. Importantly, alternative geometries captured in the sampling procedure may represent biologically relevant intermediates ([S12 Fig](#pbio.3000656.s013){ref-type="supplementary-material"}). A limitation in our modeling approach is that the orientation of the chemokine globular core with respect to the receptor TM domain, and activation state of the latter, originated from the CXCR4-vMIP-II antagonist crystal structure and were only locally minimized in the course of full model assembly, whereas more recent structures demonstrate substantial variability in both \[[@pbio.3000656.ref007],[@pbio.3000656.ref008]\]. In future studies, molecular dynamics will be required to thoroughly sample the system and identify more precisely the positioning of the CXCL12 globular core with the bound receptor N-terminus relative to the rest of the receptor.

To detect and quantify covalent receptor-chemokine complexes, we developed a medium-throughput flow cytometry--based screening approach. The assay is performed in a multiwell format and does not require sample lysis, extraction, or purification, nor does it depend on unnatural amino acids or photoaffinity labeling, hence contrasting and improving on previous cross-linking studies of GPCR-protein complexes \[[@pbio.3000656.ref033]--[@pbio.3000656.ref035],[@pbio.3000656.ref073],[@pbio.3000656.ref074]\]. Nevertheless, there are caveats inherent to disulfide cross-linking, resulting in several cross-links that could not be explained by any of the proposed CXCR4-CXCL12 complex geometries. First, cysteine mutations may lead to protein destabilization, misfolding (for example, CXCL12 L26C and I28C mutations), or loss of binding. Additionally, introducing additional cysteines in the already cysteine-rich environment of chemokines and receptors increases the possibility of intramolecular or intermolecular disulfide shuffling upon folding or complex formation \[[@pbio.3000656.ref035]\].

Despite these limitations, the comprehensive, systematic, and unbiased manner in which disulfide cross-linking was performed and interpreted here allowed us to distinguish native residue proximities with high confidence and accuracy, confirmed by prospective model-guided mutagenesis and charge-swap experiments. Altogether, this effort resulted in the determination of the geometry of the new CRS0.5 interface, construction of the most unifying and complete high-resolution model of the prototypical CXC receptor-chemokine complex, and a structural understanding of key principles of receptor-chemokine recognition and selectivity that were not apparent from prior structural studies of other chemokine subfamily complexes. Insights from the model will guide the rational development of chemokine-targeting small molecules and biologics with new pharmacology and selectivity profiles.

Materials and methods {#sec010}
=====================

Molecular cloning {#sec011}
-----------------

For cross-linking studies in *Sf9* cells, cysteine mutations were introduced into the N-terminally Flag-tagged, C-terminally His-tagged CXCR4-T4 lysozyme fusion construct in pFastBac1 (CXCR4-T4L) \[[@pbio.3000656.ref032],[@pbio.3000656.ref033]\] using QuikChange mutagenesis (Agilent, Santa Clara, CA). Cysteine mutations were also generated for the antagonist CXCL12 variant \[P2G\]CXCL12, with its native signal sequence and a C-terminal HA tag (YPYDVPDYA), subcloned into pFastBac1 (\[P2G\]CXCL12-HA). The CXCR4(D187C)-T4L and vMIP-II(W5C) mutants and the C-terminally tagged ACKR3-Flag construct were previously described \[[@pbio.3000656.ref006],[@pbio.3000656.ref034]\]. For recombinant chemokine production, a pET21a-based construct of human CXCL12α (residues 22--89) lacking the endogenous signal peptide and preceded by an enterokinase recognition site and His8 tag \[[@pbio.3000656.ref034],[@pbio.3000656.ref075]\] was used as the WT construct; CXCL12 R47E and K56E mutations were introduced into this construct using QuikChange mutagenesis (Agilent, Santa Clara, CA). For pharmacological assays in HEK293T cells, the WT CXCR4 fused with Renilla luciferase 3 (Rluc3) on the C-terminus and β-arrestin-2 fused N-terminally to GFP10 constructs in pcDNA3.1+ were generously provided by Nikolaus Heveker (Université de Montréal, Montréal, QC, Canada). An HA tag following the CXCR4 start codon, as well as D20R and E26R mutations were introduced by QuikChange mutagenesis (Agilent, Santa Clara, CA).

Expression and production of recombinant chemokines in *E*. *coli* {#sec012}
------------------------------------------------------------------

Chemokine expression and purification protocol was adapted from \[[@pbio.3000656.ref034]\]. Chemokine-encoding plasmids were transformed into BL21(DE3)pLys competent cells. Cells were grown at 37°C with shaking at 180 rpm to an optical density of 0.6 to 0.7 in Luria-Bertani medium, and protein expression was induced by addition of 0.5 mM isopropyl β-D-1-thiogalactopyranoside. Following 6 h of induction at 37°C, cells were harvested by centrifugation. Cell pellets were resuspended in lysis buffer (50 mM Tris, 150 mM NaCl \[pH 7.5\]) with 1 μg/mL DNaseI and lysed by sonication. The samples were centrifuged (12,000*g* for 15 min), and the insoluble pellets containing chemokine inclusion bodies were collected. The pellets were dissolved in Equilibration buffer (50 mM Tris, 6 M guanidine-HCl, 50 mM NaCl \[pH 8.0\]), sonicated, and the supernatant (containing chemokine) was collected by centrifugation (12,000*g* for 15 min). The supernatant was loaded onto Ni-NTA agarose resin (Qiagen, Hilden, Germany), washed with Wash buffer (50 mM MES, 6 M guanidine-HCl, 50 mM NaCl \[pH 6.0\]), and the chemokine was eluted with Elution buffer (50 mM acetate, 6 M guanidine-HCl, 50 mM NaCl \[pH 4.0\]). The eluate was brought to pH \> 7.0 with NaOH, reduced with 4 mM DTT for 2 h at room temperature, diluted 10-fold into Refolding buffer (50 mM Tris, 500 mM arginine-HCl, 1 mM EDTA, 1 mM glutathione disulfide \[pH 7.5\]), and incubated for 60 min at room temperature with moderate stirring. Following dialysis of the refolding mixture (20 mM Tris, 50 mM NaCl \[pH 8.0\]), the dialysis product was cleared of precipitant by centrifugation (8,000*g* for 15 min) and concentrated to approximately 10 to 20 mL with a 3 kDa cutoff Amicon centrifugal filter unit (MilliporeSigma, Burlington, MA). After concentration, 2 mM CaCl~2~ was added and the His~8~ tag was cleaved through the addition of 8 to 16 U/mL enterokinase (New England Biolabs, Ipswich, MA) for 2 days at 37°C. After cleavage, the mixture was loaded onto Ni-NTA resin, and tag-free CXCL12 was eluted with Wash buffer. The eluate was bound to a reversed-phase C18 HPLC column (Vydac; buffer A: 0.1% trifluoracetic acid; buffer B: 0.1% trifluoroacetic acid; 90% acetonitrile) and eluted by linearly increasing the buffer B concentration from 33% to 45%. The resulting recombinant chemokine was lyophilized and stored at −80 °C until use.

Production of receptor and chemokine viruses for co-expression in *Sf9* cells {#sec013}
-----------------------------------------------------------------------------

*Sf9* insect cells were maintained in ESF 921 media (Expression Systems, Davis, CA) in vented Erlenmeyer flasks (Corning Inc, Corning, NY) at 27°C with shaking at 130 rpm.

Receptor and chemokine baculovirus stocks were produced using the Bac-to-Bac Baculovirus Expression System (Invitrogen, Carlsbad, CA). Briefly, 2.5 mL of *Sf9* cells at a density of 1.2 × 10^6^ cells/mL were transfected with 5 μL of recombinant bacmid containing the gene of interest using 3 μL of X-tremeGENE HP DNA transfection reagent (Roche, Basel, Switzerland) and 100 μL of transfection medium (Expression Systems, Davis, CA) and incubated for 96 h with 300 rpm shaking at 27°C. Following cell centrifugation at 2,000*g* for 10 min, the P0 virus (supernatant) was isolated, and 400 μL of P0 virus was immediately added to 40 mL of *Sf9* cells at a density of 2 to 2.6 × 10^6^ cells/mL for generation of P1 virus. Cells were incubated for 48 h with 130 rpm shaking at 27°C and centrifuged at 2,000*g* for 10 min; the supernatant containing the P1 virus was harvested and stored at 4°C until further use.

Viral titers were calculated in infectious units (IU)/mL as previously described \[[@pbio.3000656.ref076]\]. Briefly, 20 μL of serial P1 virus dilutions (1 in 250, 500, 1,000, and 2,000) was added to 100 μL of *Sf9* cells at a density of 1.2 × 10^6^ cells/mL in a 96-deep well block and incubated for 18 h with 300 rpm at 27°C. The percentage of cells infected by virus was quantified by flow cytometry following staining of 10 μL of cells with 10 μL of phycoerythrin-conjugated anti-gp64 antibody (Expression Systems, Davis, CA, catalog \#97--201) for 20 min in the dark at 4°C. The anti-gp64-phycoerythrin antibody was prediluted 1:100 in Tris-buffered saline (TBS; 50 mM Tris \[pH 7.5\], 150 mM NaCl) and 4% BSA. Following incubation, samples were made up to 200 μL with TBS+4% BSA and analyzed using a Guava benchtop mini-flow cytometer (EMD Millipore). Virus titer was quantified as an average of (total cell number × %gp64 staining × virus dilution factor)/20 μL (volume of inoculum).

Detection of covalent receptor-chemokine complexes by flow cytometry {#sec014}
--------------------------------------------------------------------

Flow cytometry used to initially detect disulfide cross-linked complexes on the cell surface was adapted from Kufareva and colleagues \[[@pbio.3000656.ref035]\]. Briefly, 2.5 mL of *Sf9* cells at a density of 2 to 2.6 × 10^6^ cells/mL in a 24-deep well block were co-infected with receptor and chemokine P1 virus, each at a multiplicity of infection (IU/cell) of 8. Cells were incubated with 300 rpm shaking at 27°C. After 48 h, 10 μL of cell samples were transferred into a 96-well assay plate and incubated for 20 min in the dark at 4°C with 2 μL 7-amino-actinomycin D viability staining solution (eBioscience, Santa Clara, CA, catalog \#00-6993-50) and 10 μL anti-HA FITC-conjugated antibody (Sigma-Aldrich, catalog \#H7411), the latter prediluted 1:100 in TBS+4% BSA. Following incubation, samples were made up to 200 μL with TBS+4% BSA and analyzed using a Guava benchtop mini-flow cytometer (EMD Millipore). In all experiments, the previously characterized CXCR4(D187C)-vMIP-II(W5C) cross-linked pair \[[@pbio.3000656.ref006]\] was used as a positive control. For data analysis, the geometric mean fluorescence intensity (GMFI) value of the live cell population was used. Cross-linking efficiency by flow cytometry was determined as GMFI for the receptor-chemokine pair in relation to CXCR4(D187C)-vMIP-II(W5C), which was set to 100%. All flow cytometry data analysis was performed using FlowJo software version 10.3 (FlowJo LLC, Ashland, OR).

Metal affinity pull-down of covalent receptor-chemokine complexes from *Sf9* cells {#sec015}
----------------------------------------------------------------------------------

To confirm the receptor-chemokine cross-links detected by flow cytometry, metal affinity pull-downs were performed using the His-tag on the receptor, with subsequent receptor and chemokine detection by SDS-PAGE and quantification by Western blotting. A total of 40 mL of *Sf9* cells at a density of 2 to 2.6 × 10^6^ cells/mL were infected with receptor and chemokine virus, each at an multiplicity of infection of 5, and incubated for 48 h with 130 rpm shaking at 27°C. Biomass was harvested by centrifugation (2,000*g* for 15 min) and stored at −80°C until further use.

Cell pellets were thawed and resuspended in hypotonic buffer (10 mM HEPES \[pH 7.5\], 20 mM KCl, 10 mM MgCl~2~, 1 × cOmplete EDTA-free protease inhibitor \[Roche\]). Purified membranes were prepared by 3 rounds of dounce homogenization (approximately 40 strokes per round) and centrifugation of the cell suspension at 50,000*g* for 30 min at 4°C. Following the first round of homogenization, membrane pellets were resuspended in a high salt buffer (10 mM HEPES \[pH 7.5\], 10 mM MgCl~2~, 20 mM KCl, 1 M NaCl, and 1 × cOmplete EDTA-free protease inhibitor) which was also used during the subsequent rounds. After the last round of centrifugation, membranes were resuspended and homogenized in hypotonic buffer supplemented with 30% glycerol (v/v) and flash-frozen for storage at −80°C until further use.

The purified membranes were thawed and iodoacetamide (2 mg/mL) added. Membranes were mixed with an equal volume of 2 × solubilization buffer (100 mM HEPES \[pH 7.5\], 800 mM NaCl, 1.5% n-dodecyl-ß-D-maltopyranoside \[DDM, Anatrace\], 0.3% cholesteryl hemisuccinate \[CHS, Sigma, St. Louis, MO\]) for 4 h at 4°C and centrifuged at 25,000*g* for 30 min. The supernatant was incubated with TALON IMAC resin (Clontech, Mountain View, CA) and 25 mM of imidazole overnight. The samples were centrifuged at 350*g* for 5 min, and the resin was transferred to gravity flow columns. The resin was washed with 20 column volumes of Wash Buffer 1 (25 mM HEPES \[pH 7.5\], 400 mM NaCl, 10% glycerol, 0.1/0.02% DDM/CHS, 10 mM imidazole) followed by 10 column volumes of Wash Buffer 2 (25 mM HEPES \[pH 7.5\], 400 mM NaCl, 10% glycerol, 0.025/0.005% DDM/CHS, 10 mM imidazole). Complexes were eluted with 3 column volumes of elution buffer (Wash Buffer 2 with 250 mM imidazole), and the eluted protein was exchanged into Wash Buffer 2 without imidazole using 0.5 mL 100  kDa molecular weight cutoff spin concentrators.

Characterization of covalent receptor-chemokine complex formation by SDS-PAGE and Western blotting {#sec016}
--------------------------------------------------------------------------------------------------

Protein samples from metal affinity pull-down experiments were analyzed for formation of cross-linked complexes by SDS-PAGE followed by Coomassie staining or Western blotting \[[@pbio.3000656.ref035]\]. Samples (1 μg total protein) were loaded onto nonreducing 12% Mini-PROTEAN TGX precast gels (Bio-Rad, Hercules, CA), and molecular weight shifts and relative band intensity used to detect the presence and relative abundance of the cross-linked complex. For Western blotting, gels were transferred onto nitrocellulose membranes (Bio-Rad, Hercules, CA, catalog \#1704270) using the Trans-Blot Turbo transfer system, and blocked with 5% skim milk overnight at 4°C. The Flag-tagged receptor was detected using mouse anti-Flag M2 primary antibody (1:10,000 dilution; Sigma Aldrich, St. Louis, MO, catalog \#F3165) and IRDye 680RD-conjugated donkey anti-mouse IgG secondary antibody (1:20,000 dilution; LI-COR Biosciences, Lincoln, NE, catalog \#926--68072). HA-tagged \[P2G\]CXCL12 was detected using a rabbit anti-HA primary antibody (1:10,000 dilution; Sigma Aldrich, St. Louis, MO, catalog \#SAB4300603) and IRDye^®^ 800CW-conjugated goat anti-rabbit IgG (1:20,000 dilution; LI-COR Biosciences, Lincoln, NE, catalog \#926--32211) secondary antibody. Primary antibodies were incubated simultaneously for 1 h at room temperature, followed by the secondary antibodies for a further 1 h at room temperature. Primary and secondary antibodies were diluted in TBS with 0.5% Tween-20 and 5% skim milk or 1% BSA, respectively. Membranes were imaged using the Odyssey IR imaging system (LI-COR Bioscience, Lincoln, NE). For reducing conditions, samples were incubated with 100 mM DTT for 30 min at room temperature prior to loading onto gels.

To quantify the amount of cross-linked chemokine, a rectangle was drawn on the anti-HA Western blot that captures the cross-linked chemokine band, and IR800 signal intensity within the rectangle was recorded as reported by ImageStudioLite (LI-COR Biosciences, Lincoln, NE). This value was normalized to CXCR4(D187C)-vMIP-II(W5C), where its IR800 signal was set to 100%, and used as the cross-linking efficiency by Western blot. To calculate the percentage of cross-linked receptor, the same chemokine rectangle was used to capture the upper chemokine--cross-linked receptor band, and a second rectangle was drawn to capture total receptor. The percent cross-linked receptor was determined by upper band IR680 signal/total receptor IR680, where IR680 reports the receptor Flag tag. The area of the rectangles was kept consistent for all samples within a single Western blot.

Molecular modeling {#sec017}
------------------

All molecular modeling was carried out using ICM \[[@pbio.3000656.ref048]\] version 3.8--6 or higher (Molsoft LLC, San Diego, CA), and the previously published incomplete model (residues P27-F304) in complex with CXCL12 \[[@pbio.3000656.ref006]\]. The N-terminal peptide M1-P27 was constructed ab initio, tyrosines Y7, Y12, and Y21 were sulfated \[[@pbio.3000656.ref019],[@pbio.3000656.ref024]\], and residue P27 was tethered to its position in the earlier model. Weighted local harmonic distance restraints were imposed between Cβ atoms (or Cα atoms for Gly) of those CXCR4 and CXCL12 residues that displayed \>65% cross-linking efficiency by flow cytometry. The conversion of cross-linking efficiencies into weights involved a linear normalizing transformation so that the weights ranged from 0.5 to 5 ([S4 Table](#pbio.3000656.s020){ref-type="supplementary-material"}). The mechanism of local distance restraints favors proximal restrained atom pairs, with restraint energy gradually becoming weaker (less favorable) and approaching an asymptote as the distance between the 2 atoms grows, rather than increasing indefinitely ([S15 Fig](#pbio.3000656.s016){ref-type="supplementary-material"}). The parameters of the energy function were chosen to favor distances below approximately 4 Å ([S15 Fig](#pbio.3000656.s016){ref-type="supplementary-material"}), because this is representative of Cβ-Cβ distances in disulfide bonds. The explicit sampling system included a fully flexible CXCR4 N-terminus (residues 1:27, sulfated at Y7, Y12, and Y21) and the full-atom model of CXCL12 with fixed backbone and flexible side chains. The objective (energy) function included full-atom van der Waals term calculated using the Lennard-Jones potential and capped at 7 kcal/mol (the so-called soft van der Waals energy), hydrogen bonding term, electrostatics, torsional strain, tethers, and a medium-strength penalty (cnWeight = 5) for distance restraints (ICM energy/penalty term "cn", short for "contacts"). To account for backbone flexibility of CXCL12, parallel simulations were run with alternative backbone conformations; for this, crystal structures of CXCL12 were clustered by the geometry of the 30s and 40s loop, and the highest resolution structure was selected as the representative conformation for each cluster ([Fig 1C](#pbio.3000656.g001){ref-type="fig"}, [S3 Table](#pbio.3000656.s019){ref-type="supplementary-material"}). Each system was sampled by BPMC \[[@pbio.3000656.ref048]\] for 3 × 10^7^ steps, and the lowest energy conformations were stored.

The top-ranking conformation of the CXCR4 N-terminus with CXCL12 was merged with the rest of the receptor \[[@pbio.3000656.ref006]\] to build a complete model of the complex. The globular core of the chemokine was superimposed onto that of the partial model, after which contiguous CXCR4 and CXCL12 polypeptide chains were generated ab initio and threaded through the respective parts of the overlay, recapitulating the CRS0.5 and CRS1 interactions determined above, as well as previously published CRS2 interactions \[[@pbio.3000656.ref006]\]. The model was then subjected to global refinement with restraints. For this, 264 harmonic global distance restraints were imposed in place of the inter- and intramolecular hydrogen bonds: the intramolecular bonds were extracted from the separate crystal structures of the 2 proteins (CXCR4: PDB 3ODU \[[@pbio.3000656.ref032]\] and 4RWS \[[@pbio.3000656.ref006]\]; CXCL12: PDB 3GV3 \[[@pbio.3000656.ref050]\]), whereas the intermolecular hydrogen bonds were inferred from the CRS interfaces from the model in the prior step. Three additional hydrogen bond--compatible global distance restraints were added: one between CXCR4 E277 and CXCL12 R12 that were previously predicted and recently experimentally proved to directly interact \[[@pbio.3000656.ref022]\], another between CXCR4 Q200 and D262, to promote closure of the gap between TM helices 5 and 6 that is observed in CXCR4 crystal structures, and the third between CXCR4 D181 and CXCL12 K27, which were proximal in the original model but outside of the hydrogen bonding distance. The last restraint promoted slight re-orientation and better packing of the globular core of CXCL12, together with the bound CXCL12 N-terminus, with respect to CXCR4 TM domain. Next, the system was subjected to a refinement protocol consisting of global BPMC sampling of receptor and chemokine residue side chains, with each sampling step followed by 500 steps of local gradient minimization of the entire system (backbone and side chains) in internal coordinates. The objective (energy) function included full-atom soft van der Waals term capped at 20 kcal/mol, hydrogen bonding term, electrostatics, torsional strain, surface energy, and the penalty for the distance restraints. After 10^6^ minimization steps, 2 loops, one involving CXCL12 residues 3--7, and another CXCR4 residues 224--236 (3^rd^ intracellular loop), were refolded using the ICM loop modeling toolkit. Briefly, this involved finding, by BPMC, the optimal conformation for each loop in the context of the rest of the model, with the loop represented as an isolated peptide with termini tethered to their positions in the model, and the rest of the model represented as energy potentials (van der Waals, electrostatics, hydrogen bonding, and surface energy) precalculated on a 0.5 Å 3D grid \[[@pbio.3000656.ref077]\]. The best conformations were merged into the full-model of the complex, and the model subjected to additional 2 × 10^6^ steps of the above refinement protocol, to ensure that the energy close to the local minimum is achieved.

BRET2 β-arrestin recruitment assay {#sec018}
----------------------------------

β-arrestin-2 recruitment was measured with BRET2 assay \[[@pbio.3000656.ref078]\] as described previously \[[@pbio.3000656.ref034]\]. Briefly, HEK293T cells were seeded in tissue-culture-treated 6-well plates at 7 × 10^5^ cells cells per well in Dulbecco's Modified Eagle Media + 10% fetal bovine serum. Next day, cells were co-transfected with 50 ng/well WT or mutant HA-CXCR4-Rluc3 and 2,400 ng/well GFP10-β-arrestin-2 using TransIT-X2 transfection reagent (MirusBio, Madison, WI), according to the manufacturer's recommended protocol. Two days after transfection, cells were washed with PBS, resuspended in PBS + 0.1% D-glucose (BRET buffer), and diluted to 1 to 1.5 × 10^6^ cells/mL. Cells were aliquoted at 1.5 × 10^5^ cells per well into a white, clear bottom, tissue culture treated 96-well plate (Corning Inc, Corning, NY), and the plate was incubated for 30 min at 37°C, after which GFP10-β arrestin-2 fluorescence levels were measured with the TriStar LB 941 plate reader (Berthold Biotechnologies, Baden-Württemberg, Germany). Next, recombinant WT or mutant CXCL12 was added to each well at indicated final concentrations and incubated for 10 min, after which coelenterazine-400A (also known as DeepBlueC) was added to a final concentration of 5 uM immediately before measuring the emission at both 410 and 515 nm using the TriStar LB 941 plate reader. BRET ratios (emission at 515 nm/emission at 410 nm) were calculated, and three-parameter agonist concentration response curve fitting was carried out using GraphPad Prism (GraphPad Software Inc, San Diego, CA). BRET2 values were baseline-corrected and normalized to CXCR4(WT)-CXCL12(WT) levels within each experiment. The extra sum-of-squares F test was used to compare curve fit parameters and determine statistically significant differences between WT and mutant receptors and chemokines. Results are listed in text as pEC~50~/Emax ± the standard error for that parameter, when normalized values from at least 3 independent experiments were fit together.

Detection of CXCR4 surface expression by flow cytometry {#sec019}
-------------------------------------------------------

The cell surface expression of WT HA-CXCR4-Rluc3 and mutants was monitored by flow cytometry using the same cells as in the BRET experiments above. Cells resuspended in BRET buffer were aliquoted at 1.5 × 10^5^ cells per well into a conical-bottom 96-well plate and spun down (250*g* for 5 min). Supernatant was removed, and cells were resuspended in 50 μL of allophycocyanin-conjugated anti-CXCR4 antibody (clone 12G5, BD Biosciences, San Diego, CA, catalog number 560936) diluted 1:50 in FACS buffer (PBS + 0.5% BSA). Cells were stained in the dark for 45 min at 4°C, as recommended by the manufacturer. Following incubation, cells were washed 3 times with FACS buffer and fixed with a final concentration of 0.8% paraformaldehyde. Samples were analyzed using a Guava benchtop mini-flow cytometer (EMD Millipore), and cell surface expression was given by GMFI in the RED-R channel. The surface expression of CXCR4 mutants was normalized to WT CXCR4.

Supporting information {#sec020}
======================

###### Raw uncropped images of SDS-PAGE gels and Western blot membranes of [Fig 3](#pbio.3000656.g003){ref-type="fig"} and [S5 Fig](#pbio.3000656.s006){ref-type="supplementary-material"}.

(PDF)

###### 

Click here for additional data file.

###### Overview of the disulfide cross-linking--based strategy for determining the geometry of receptor-chemokine complexes in this study.

(TIF)

###### 

Click here for additional data file.

###### The electrostatic surface of CXCL12.

The CXCL12 surface is strongly positively charged (blue). The electrostatic surface was calculated by the Rapid Exact-Boundary ELectrostatics (REBEL) method in ICM \[[@pbio.3000656.ref079]\]. The black strokes highlight the predicted peptide interaction grooves on the CXCL12 surface: one between the N-loop and 40s loop, and another along the β1-strand backbone.

(TIF)

###### 

Click here for additional data file.

###### Validation of folding of \[P2G\]CXCL12 Cys mutants by detecting their noncovalent binding to ACKR3.

ACKR3 and \[P2G\]CXCL12 cysteine mutants were co-expressed in *Sf9* cells. Due to the slow off-rate of \[P2G\]CXCL12 with ACKR3, complexes readily detected on the cell surface are a proxy for mutant chemokine folding. All mutants except L26C, I28C, and L29C retain their ability to bind ACKR3. *n =* 4 independent biological replicates. The mean and SEM are reported for each point. The underlying numerical data for the figure can be found in [S1 Data](#pbio.3000656.s021){ref-type="supplementary-material"}. *Sf9*, *Spodoptera frugiperda*.

(TIF)

###### 

Click here for additional data file.

###### 

**Positive relationship between the detection of the chemokine HA tag on the cell surface and in the pulled down cross-linked samples (A) and between the HA intensity and the fraction cross-linked receptor in the pulled down samples (B).** Flow cytometry was used for detection of the chemokine HA tag on the cell surface, whereas Western blot was used for pulled-down protein samples. Data represent mean and SEM of 3 or more independent replicates. The underlying numerical data for each figure panel can be found in [S1 Data](#pbio.3000656.s021){ref-type="supplementary-material"}.

(TIF)

###### 

Click here for additional data file.

###### The covalent CXCR4-\[P2G\]CXCL12 complexes dissociate to separate single receptor and chemokine species under reducing conditions.

Western blot of pulled down combinations of CXCR4 and \[P2G\]CXCL12 cysteine mutants in the presence of 100 mM DTT. The Flag-CXCR4-T4L receptor and \[P2G\]CXCL12-HA chemokine were detected by LI-COR IRDye conjugated secondary antibodies on a single blot (emission wavelength of 680 nm and 800 nm, visualized in red and green, respectively). Emitted fluorescence detected at 800 nm and 680 nm from different bands of the Western blot is indicative of a dissociated receptor-chemokine complex. The figure is representative of *n =* 3 independent replicates.

(TIF)

###### 

Click here for additional data file.

###### The weighted distance restraints imposed between residue Cβ atoms (Cα for glycine) during molecular docking.

\(A\) Graphical representation of the experimentally derived local distance restraints imposed during the molecular docking simulations. Cross-interface restraints are not shown. Distance restraints are colored by a gradient of blue according to their experimentally determined strength. (B) The distance restraints are mapped onto 3 randomly selected starting conformations and the top ranked conformation of the receptor N terminus. Distance restraints are shown in dotted lines, colored by a gradient of blue as in panel A. The receptor N terminus and CXCL12 are shown in black and purple ribbon, respectively. The underlying values of the distance restraint weights are found in [S4 Table](#pbio.3000656.s020){ref-type="supplementary-material"}.

(TIF)

###### 

Click here for additional data file.

###### The top 3 ranking conformations of the CXCR4 receptor N terminus.

The lowest energy conformations are distinct from the other conformations. The conformational stack was sorted by the energy of the system. Polar and charge interactions are shown in orange dotted lines. The receptor and CXCL12 are shown in black and purple ribbon, respectively. The TM domain is hidden for clarity. The underlying numerical data for the figure can be found in [S1 Data](#pbio.3000656.s021){ref-type="supplementary-material"}. TM, transmembrane.

(TIF)

###### 

Click here for additional data file.

###### The proposed geometry of the receptor N terminus and the CRS0.5 interface is compatible with various CXCL12 backbone conformations.

The top-ranking conformation from each respective simulation is shown: in all cases, the receptor N terminus forms an interface with the CXCL12 β1-strand. The CXCL12 conformation PDB 3GV3 from Cluster 2 was selected for full-length complex assembly. The receptor is shown in black, and CXCL12 is colored distinctly in each model. CRS, chemokine recognition site.

(TIF)

###### 

Click here for additional data file.

###### Structural context of the cross-linking approach.

Experimental cross-linking observed between the 2 pairs of CXCR4-CXCL12 residues (E15-K25 and L29-G3) can easily be accommodated structurally in our top-ranking model with minor changes to the conformation of the receptor N terminus.

(TIF)

###### 

Click here for additional data file.

###### Occupancy of the receptor major subpocket by the chemokine proximal N terminus defines chemokine receptor subfamily selectivity.

(A--C) Compared to [Fig 4G](#pbio.3000656.g004){ref-type="fig"}, the proximal N terminus of CC and CX~3~C chemokines occupy the receptor minor subpocket. vMIP-II is unique among CC chemokines, containing an arginine, conserved in CXC chemokines, allowing it to partially occupy the top of the receptor major subpocket. (D) Overlay of the CC and CX~3~C chemokines determined in crystal structures, along with CXCL12. CXC chemokines have a pronounced N-terminal bend.

(TIF)

###### 

Click here for additional data file.

###### Previous published models of CXCR4-CXCL12 complex are incompatible with the cross-linking data.

Receptor-chemokine residue Cβ-Cβ (or Cα for Gly) distances were calculated for 3 models of the CXCR4-CXCL12 complex and projected onto a heat map for comparison with experimental crosslinking. (A) The model generated here; (B) the model published by Tamamis and Floudas \[[@pbio.3000656.ref051]\]; (C) the model published by Ziarek and colleagues \[[@pbio.3000656.ref025]\]. We note that the Tamamis and Floudas model was built prior to publication of the CXCR4-vMIP-II crystal structure, and that the Ziarek and colleagues model was informed by NMR of CXCL12 with an isolated N-terminal peptide of CXCR4. In the Ziarek and colleagues model, residue G3 was not modeled (dark gray in the heat map). Cβ-Cβ distances between residue pairs (CXCR4 K25-CXCL12 E15, Y21-H17, and Y7-H25) are shown in blue dotted lines, and their distances are given in Ångstroms. The receptor is shown in black, and CXCL12 is colored differently in each model. The underlying numerical data for each figure panel can be found in [S1 Data](#pbio.3000656.s021){ref-type="supplementary-material"}. NMR, nuclear magnetic resonance.

(TIF)

###### 

Click here for additional data file.

###### Alternative conformations of the CXCR4 N-terminus captured by the docking simulations.

Shown are representative conformations in which the distal N terminus of CXCR4 was found in proximity of the CXCL12 N-loop (A) in the context of the CXCL12 monomer or (B) in the context of the CXCL12 dimer. In panel (B), the distal CXCR4 N terminus potentially interacts with the N-loop of the CXCL12 dimer partner if fully extended. The receptor and CXCL12 are shown in black and purple, respectively. The second monomer in the CXCL12 dimer is shown in orange. Residue proximities reconciled by these alternative models but not by the best-scoring model are shown as light-blue dotted lines.

(TIF)

###### 

Click here for additional data file.

###### Benchmarking comparison of proposed and previously published CXCR4-CXCL12 complex geometries.

For each model, pairwise residue Cβ-Cβ distances were ranked and receiver operating characteristic curves were generated based on their ability to recognize: (A) the top 10% (14 crosslinks), (B) the top 25% (36), or (C) the top 50% (72) strongest experimentally determined cross-links. Model "Ngo" is our proposed model in this study ([S2 Data](#pbio.3000656.s022){ref-type="supplementary-material"}), and "Tamamis" and "Ziarek" are models published previously \[[@pbio.3000656.ref025],[@pbio.3000656.ref051]\]. The underlying numerical data for each figure panel can be found in [S1 Data](#pbio.3000656.s021){ref-type="supplementary-material"}.

(TIF)

###### 

Click here for additional data file.

###### Surface expression levels of CXCR4 D20R and E26R mutants are comparable to WT CXCR4.

Surface expression was determined by flow cytometry using an allophycocyanin-conjugated anti-CXCR4 antibody and normalized to WT CXCR4. Data represent mean and SEM of *n* = 4 independent replicates. The underlying numerical data for each figure panel can be found in [S1 Data](#pbio.3000656.s021){ref-type="supplementary-material"}. WT, wild type.

(TIF)

###### 

Click here for additional data file.

###### The energy function of ICM local distance restraints.

The profile of the restraint penalty features a flat well of varying depth (defined by the restraint weight) at shorter interatomic distances and increases as these distances increase; however, rather than growing indefinitely, the penalty asymptotically approaches 0 as the interatomic distances continue to increase. This allows the sampling procedure to ignore those restraints that cannot be satisfied concurrently with the majority of other restraints and, in this way, resolve conflicts in the experimental data. The underlying numerical data for each figure panel can be found in [S1 Data](#pbio.3000656.s021){ref-type="supplementary-material"}.

(TIF)

###### 

Click here for additional data file.

###### Strategies for determining receptor-ligand complex geometry.

(DOCX)

###### 

Click here for additional data file.

###### Physicochemical properties of chemokine CXCL12 based on its crystal structures.

(DOCX)

###### 

Click here for additional data file.

###### Conformation clustering of CXCL12 crystal structures.

(DOCX)

###### 

Click here for additional data file.

###### Cross-linking efficiencies and distance restraint weights of receptor-chemokine cysteine pairs.

(DOCX)

###### 

Click here for additional data file.

###### Spreadsheet containing individual sheets of the underlying numerical data for panels in Figs [2](#pbio.3000656.g002){ref-type="fig"}, [3](#pbio.3000656.g003){ref-type="fig"}, [5](#pbio.3000656.g005){ref-type="fig"} and [S3](#pbio.3000656.s004){ref-type="supplementary-material"}, [S4](#pbio.3000656.s005){ref-type="supplementary-material"}, [S7](#pbio.3000656.s008){ref-type="supplementary-material"}, [S11](#pbio.3000656.s012){ref-type="supplementary-material"}, [S13](#pbio.3000656.s014){ref-type="supplementary-material"}, [S14](#pbio.3000656.s015){ref-type="supplementary-material"}, [S15](#pbio.3000656.s016){ref-type="supplementary-material"} Figs.

(XLSX)

###### 

Click here for additional data file.

###### The coordinates of the CXCR4-CXCL12 complex presented here, in PDB format.

(PDB)

###### 

Click here for additional data file.
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In light of the reviews (below), we are pleased to offer you the opportunity to address the comments from the reviewers in a revised version that we anticipate should not take you very long. We will then assess your revised manuscript and your response to the reviewers\' comments and we may consult the reviewers again. IMPORTANT: Several of the reviewers request that you improve the presentation of your paper, both in terms of the clarity and structure of the text, and helpfulness of the Figures; this is particularly important given the broad readership of our journal, and we are looking for significant improvement.

Your revisions should address the specific points made by each reviewer. Please submit a file detailing your responses to the editorial requests and a point-by-point response to all of the reviewers\' comments that indicates the changes you have made to the manuscript. In addition to a clean copy of the manuscript, please upload a \'track-changes\' version of your manuscript that specifies the edits made. This should be uploaded as a \"Related\" file type. You should also cite any additional relevant literature that has been published since the original submission and mention any additional citations in your response.

Please note while forming your response, if your article is accepted, you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out.

Before you revise your manuscript, please review the following PLOS policy and formatting requirements checklist PDF: <http://journals.plos.org/plosbiology/s/file?id=9411/plos-biology-formatting-checklist.pdf>. It is helpful if you format your revision according to our requirements - should your paper subsequently be accepted, this will save time at the acceptance stage.

Please note that as a condition of publication PLOS\' data policy (<http://journals.plos.org/plosbiology/s/data-availability>) requires that you make available all data used to draw the conclusions arrived at in your manuscript. If you have not already done so, you must include any data used in your manuscript either in appropriate repositories, within the body of the manuscript, or as supporting information (N.B. this includes any numerical values that were used to generate graphs, histograms etc.). For an example see here: <http://www.plosbiology.org/article/info%3Adoi%2F10.1371%2Fjournal.pbio.1001908#s5>.

For manuscripts submitted on or after 1st July 2019, we require the original, uncropped and minimally adjusted images supporting all blot and gel results reported in an article\'s figures or Supporting Information files. We will require these files before a manuscript can be accepted so please prepare them now, if you have not already uploaded them. Please carefully read our guidelines for how to prepare and upload this data: <https://journals.plos.org/plosbiology/s/figures#loc-blot-and-gel-reporting-requirements>.

Upon resubmission, the editors assess your revision and assuming the editors and Academic Editor feel that the revised manuscript remains appropriate for the journal, we may send the manuscript for re-review. We aim to consult the same Academic Editor and reviewers for revised manuscripts but may consult others if needed.

We expect to receive your revised manuscript within one month. Please email us (<plosbiology@plos.org>) to discuss this if you have any questions or concerns, or would like to request an extension. At this stage, your manuscript remains formally under active consideration at our journal; please notify us by email if you do not wish to submit a revision and instead wish to pursue publication elsewhere, so that we may end consideration of the manuscript at PLOS Biology.

When you are ready to submit a revised version of your manuscript, please go to <https://www.editorialmanager.com/pbiology/> and log in as an Author. Click the link labelled \'Submissions Needing Revision\' where you will find your submission record.

Thank you again for your submission to our journal. We hope that our editorial process has been constructive thus far, and we welcome your feedback at any time. Please don\'t hesitate to contact us if you have any questions or comments.

Sincerely,

Roli Roberts

Roland G Roberts, PhD,

Senior Editor

PLOS Biology

\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*

REVIEWERS\' COMMENTS:

Reviewer \#1:

This is a nice work that characterizes the interaction between the N-terminus of the chemokine receptor CXCR4 and the chemokine CXCL12 using pairwise crosslinking on the intact full-length receptor in live insect cells combined to molecular modeling. The biological question is highly relevant, as this receptor exerts crucial physiological roles, but there are no structures available for any receptor of CXC chemokines to help rational design of targeted drugs. In particular, the work reveals the topology of interactions between the distal N-terminus of the receptor and the chemokine, which was largely unknown, given that this segment is disordered in all structures of chemokine receptors solved so far and that NMR studies based of the investigation of isolated receptor segments lead to contradictory results.

Experimentally, authors investigate the interaction between the receptor N-terminus and the core of the chemokine \[P2G\]CXCL12, which is an antagonist. They build a preliminary low resolution model of the chemokine-receptor complex to be refined and validated with disulfide trapping. Based on the model, authors select subsets of positions in the two interaction partner. These positions are substituted with Cysteine and combined pair-wise to assess the occurrence of crosslinking. In total, authors co-express in sf9 cells about 200 pairs of Cys-CXCR4 and Cys-\[P2G\]CXCL12 mutants, including positive and negative controls. Crosslinking occurred in position-specific patterns and most results could be easily rationalized.

I have a concern about the application of flow cytometry to detect the occurrence of crosslinking. Under the assumption that \[P2G\]CXCL12 dissociates from the receptor when not covalently bound, authors quantify the fluorescent signal given by the cells treated with an antibody targeted to the ligand. This is a delicate step, which in my opinion deserves a better explanation. It is unclear when the ligand that is not covalently bound should dissociate. According to the experimental section, there is no washing step. How do the authors know that this antagonist dissociates so fast? Are there data for the koff of this ligand? Also, how do the authors take into account the likely different expression level of the different Cys-receptor mutants and Cys-chemokines in the quantification of the flow cytometry data? In this frame, giving crosslinking efficiency with an accuracy to the second decimal place (Supplementary Table 4) may not be appropriate.

Authors select a smaller subset of ligand-receptor combinations and validate flow cytometry data using western blot to detect the occurrence of crosslinking. Author state, page 10 lines 207-208, that WB data were in line with flow cytometry data. I have troubles in agreeing with this statement. In the modeling experiments, author apply constraints for pairs displaying \>65% crosslinking efficiency (65% in cytometry or WB?). In Figure 3, the pair G3C-receptor/L29-ligand would be a hit according to flow cytometry, but not according to WB analysis. There are striking differences also in the pair M24/E15, as well as S9/H17. Importantly, these outliers are "red spots" in the flow cytometry data. Supplementary Fig. 4 is somewhat misleading, because the worst outlier S18/N22 is in fact not problematic, as it appears as a clear hit using both methods.

It is not clear how author treated these discordant data when refining their model. For instance, was S9/H17 treated as a hit or not? According to the WB data, this pair is not a hit, so that data in figure 2f do not contradict the model. It may be worth revisiting page 12, line 272, but also page 13, lines 281 and following, taking into major account the WB data.

It would instead be interesting to have an overview of the experimental data against the distribution of the ligand-receptor distances measured in the final model. In any case, I recommend to soften the statement at page 10, lines 218-220.

Finally, authors validate the model by mutating charged residues of the receptor predicted to come into proximity of reversely charged residues in the ligand. Did author perform also charge exchange experiments?

Overall, the paper is very interesting and relevant in the field. Molecular models based on crosslinking constraints are the best possible approximation when 3D structures are missing. Indeed, the model developed in this work reveals a number of interactions that were previously unknown and are nonetheless in line with previous functional studies. Therefore, the model is quite strong and it is very thoroughly discussed in the frame of existing literature in the discussion. Although the work is based on extensive and solid data, the handling of the data is in some places questionable, as discussed above. With respect to the scholar presentation, the manuscript indulges in a lot of details that make it difficult for the reader to gain a comprehensive overview of the story and make the overall manuscript very heavy. Moreover, there are parts in the experimental section that in fact belong to the discussion, for instance major sections of the paragraphs between lines 257-290. I am pretty confident that most of these issues can be resolved through a deep revision of the written text. This can become a really good paper.

Minor issues

Page 7, line 133. A preliminary sentence providing a first overview of the different blocks of mutants that have been tested would help the reader to go through the following section.

Page 7, line 135. Isn't here 30? In Fig. 2A I count 42 when controls are included.

Page 7, line 150-151. I find this sentence confusing, the aim is to say the occurrence and intensity of crosslinking was position-dependent, right?

I could not find the information about the length of the distance restraints?

Reviewer \#2:

In this manuscript, Ngo and coworkers use cysteine cross-linking to determine the geometry of the complex between CXCL12 and full-length CXCR4. It has been an open question in the field as to the mechanism that chemokine receptors use to bind their ligands. Historically it was thought that this binding occurred through distinct sites (CRS 1 and 2), although crystal structures then defined a CRS 1.5 site between CRS 1 and 2. In a subsequent study (Nat Commun 2017), this same group defined a CRS0.5 site between ACKR3 and CXCL12 through radiolytic footprinting, disulfide crosslinking and mutagenesis with the N-terminus of the receptor forming an antiparallel with the beta sheet of the CXCL12. They observe a similar structure here between CXCR4 and CXCL12. The approach used for the disulfide crosslinking appears to be significantly different, in this work using a flow cytometry-based assay, allowing a wide array of disulfide pairs to be tested. For these experiments, the antagonist \[P2G\]CXCL12 was used because CXCL12 does not form high affinity complexes with the receptor in the absence of G protein. The authors used an orthogonal assay (non-reducing SDS-PAGE) to confirm the crosslinking identified from flow cytometry, with very good agreement between the two approaches. They then performed modeling with those restraints to develop a model for the CXCR4:CXCL12 compex, identifying a number of important charge-charge interactions and asparagine interactions with sulfotyrosine. They then validated their predictions from the model in a functional assay by mutating residues that are predicted to form salt bridges -- CXCR4 D20R and E26R. Both mutants displayed a right-shifted concentration response for arresetin recruitment and one with decrease in Emax.

Overall, these are important findings as the authors relate this model to differences in receptor binding to CXC and CC chemokines and also demonstrate the superiority of their model to previous attempts in the literature. From that perspective, it is an important addition to the literature. The previous model of ACKR3:CXCL12 does detract from its novelty, as the structure appears very similar in terms of the CRS0.5 structure.

Minor comment:

\- Supplementary Table 4. Crosslinking efficiency is shown without any estimate of errors. That should be included as the data is clearly available (error bars are shown in Fig. 3c)

Reviewer \#3:

The N-terminus of chemokine receptors is known to play an important role in its affinity and selectivity for chemokines. The authors studied the interaction between the chemokine receptor CXCR4 and the chemokine CXCL12, as one of the best characterised receptor-chemokine model system, using a combination of molecular modelling and cysteine cross-linking. The resulting model rotates the chemokine relative to the receptor relative to the previous models, and that allows in buried in the TM bumble N terminus of the chemokine to occupy additional binding pocket. This provides a potential explanation of the of CXC receptor-chemokine selectivity against other subfamilies.

Overall, this is an interesting paper and I sure it will catalyse further structural bioinformatics work to expand these mode of binding to other chemokine-chemokine receptor pairs.

The following comments may improve the manuscript so that it would be easier to read and therefore would have a larger impact for the intended audience:

1\) Overall, it is rather difficult to read. This could easily be improved by another round of editing with a view of the international audience that is the likely audience.

2\) The computational model on which authors base their selection of cross-linking pairs, is not very well presented in this manuscript. There is only a global view presented on Fig 1, and the details are missing. The Fig 1 of the accompanying manuscript is , on the other hand, a much better description of this model.

3\) P16 l335-336 .. "we mapped, in a comprehensive and unbiased manner, pairwise residues...". This should be discussed in depth as this type of mapping may not not as unbiased as one would think. It is based on a model that the authors have built initially to restrict the number of potential cross-linking pairs to be studied. Unfortunately, cross-linking is prone to stabilise some transient interactions. It is, effectively, searching for the lost keys under the lamppost, and may introduce a model bias through the "streetlight effect". It would be important to highlight the cross-linking pairs or their absence that do confirm that the cross-linking is specific and is not influenced by the model. This, for example, could be argued by showing the data for a significant number of negative controls (comparable to the number of positive cross-links). How different was the final experimental-results constrained model to the initial prediction?

4\) As is clear from figure 3b/c and S4 that there are some significant disagreements between the flow cytometry and the western blot data. What is the correlation coefficient between the data? Could the authors explain what are the reasons these differences? Could the authors elaborate why one experiment would provide better accuracy than the other? The authors seem to assume the western blot data is more reliable: what is the agreement between the final model and the western blot cross linking data (eg, fig S9 and S11?).

Minor issues:

1\) The authors claim in the abstract to have found the basis for chemokine selectivity that is cause by an alternative positioning of the N -terminus of the chemokine in the TM bundle of the receptor. It is worth explaining in the abstract how this is determined by the binding mode of the N-terminus of the receptor (eg, rotational positioning of the chemokine molecule relative to the receptor).

2\) p5-6 Several characteristics of the CXCL12 model are listed. The readability would greatly improve if the relevant subfigures of figure 1 are mentioned for each bullet point.

3\) On p8, line 159-160, the authors reference figure 1, but it is not clear from figure 1 what "the proposed structural role of L26 and I28" is.

4\) P10 l224 Wrong reference: Fig S1 does not contain a model of the CXCR4-CXCL12 complex.

5\) P24 l547: The formula contains the word "ratio". This might be confusing, since the ratio has already been written out (by the "/" character). What software was used to analyse the Western blots and the SDS-page densitometry? What bands were taken into account for the densitometry reading? How does this give more information that IR800/IR680?

6\) P25 l563: The authors use "weighted local harmonic distance restraints" for their model. Is this based on both the flow cytometry data and/or the western blot data? If both, how were they combined?

7\) Fig. 2: Please add explanation of the grey squares in the heatmap. Intuitively, one would interpret is a "normal" or 100% of the reference, but 100% is shown in red.

Reviewer \#4:

The manuscript by Ngo et al. takes a very thorough and robust experimental approach to delineate the geometry of CXC receptor-chemokine complexes. Such assemblies have emerged as major therapeutic targets, however, structural models of complete assemblies have been lacking

.

As such, this study is to my knowledge the first to attempt modeling of such complete receptor-chemokine assemblies based on experimental data.

Importantly, the study by Ngo et al. has led to novel findings which are set to reshape the way the field is interrogating receptor-chemokine complexes. The study does have some overlap with the accompanying manuscript but is important and novel enough in its own right.

\(1\) The study would benefit from demonstrating that for the top cross-linking cysteine couples, computational models can be obtained wherein the two residues are mutated to cysteines which approach each other within disulfide-bonding distances. Such structural analysis is important to provide a true structural context for the cross-linking approach.

\(2\) The readability of the manuscript could benefit from a structural model, preferably in schematic mode, that summarizes the current understanding of CXC receptor-chemokine assemblies in terms of the site 1/site 2 models.

Additional comments to improve display items:

-The electrostatic potential scale used in Fig. 1g for CXCL12 basically suggests that the entire face shown is covered with positively charged residues. This cannot be correct. The authors will need to specify the electrostatic potential scale shown and how this calculation was done.

-Supplementary Table 2 is lacking units of Å2 for the B-factors.

-Supplementary Table 3 is lacking units of Å for the resolution column.

-Several of the figures feature color combinations that are difficult to discern. For instance, Supplementary Fig. 6 combines purple with black for the chemokine and receptor, respectively.

10.1371/journal.pbio.3000656.r003

Author response to Decision Letter 1

30 Dec 2019

###### 

Submitted filename: Ngo_PLOS_R2R.pdf
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Click here for additional data file.

10.1371/journal.pbio.3000656.r004

Decision Letter 2

Roberts

Roland G

Senior Editor

© 2020 Roland G Roberts

2020

Roland G Roberts

This is an open access article distributed under the terms of the

Creative Commons Attribution License

, which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

20 Jan 2020

Dear Dr Kufareva,

Thank you for submitting your revised Research Article entitled \"Crosslinking-guided geometry of a complete CXC receptor-chemokine complex and the basis of chemokine subfamily selectivity\" for publication in PLOS Biology. I have now obtained advice from two of the original reviewers and have discussed their comments with the Academic Editor.

We\'re delighted to let you know that we\'re now editorially satisfied with your manuscript. However before we can formally accept your paper and consider it \"in press\", we also need to ensure that your article conforms to our guidelines. A member of our team will be in touch shortly with a set of requests. As we can\'t proceed until these requirements are met, your swift response will help prevent delays to publication. Please also make sure to address the Data and other policy-related requests noted at the end of this email.

\*Copyediting\*

Upon acceptance of your article, your final files will be copyedited and typeset into the final PDF. While you will have an opportunity to review these files as proofs, PLOS will only permit corrections to spelling or significant scientific errors. Therefore, please take this final revision time to assess and make any remaining major changes to your manuscript.

NOTE: If Supporting Information files are included with your article, note that these are not copyedited and will be published as they are submitted. Please ensure that these files are legible and of high quality (at least 300 dpi) in an easily accessible file format. For this reason, please be aware that any references listed in an SI file will not be indexed. For more information, see our Supporting Information guidelines:

<https://journals.plos.org/plosbiology/s/supporting-information>

\*Published Peer Review History\*

Please note that you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out. Please see here for more details:

<https://blogs.plos.org/plos/2019/05/plos-journals-now-open-for-published-peer-review/>

\*Early Version\*

Please note that an uncorrected proof of your manuscript will be published online ahead of the final version, unless you opted out when submitting your manuscript. If, for any reason, you do not want an earlier version of your manuscript published online, uncheck the box. Should you, your institution\'s press office or the journal office choose to press release your paper, you will automatically be opted out of early publication. We ask that you notify us as soon as possible if you or your institution is planning to press release the article.

\*Protocols deposition\*

To enhance the reproducibility of your results, we recommend that if applicable you deposit your laboratory protocols in protocols.io, where a protocol can be assigned its own identifier (DOI) such that it can be cited independently in the future. For instructions see: <https://journals.plos.org/plosbiology/s/submission-guidelines#loc-materials-and-methods>

\*Submitting Your Revision\*

To submit your revision, please go to <https://www.editorialmanager.com/pbiology/> and log in as an Author. Click the link labelled \'Submissions Needing Revision\' to find your submission record. Your revised submission must include a cover letter, a Response to Reviewers file that provides a detailed response to the reviewers\' comments (if applicable), and a track-changes file indicating any changes that you have made to the manuscript.

Please do not hesitate to contact me should you have any questions.

Sincerely,

Roli Roberts

Roland G Roberts, PhD,

Senior Editor

PLOS Biology

\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\--

DATA POLICY:

You may be aware of the PLOS Data Policy, which requires that all data be made available without restriction: <http://journals.plos.org/plosbiology/s/data-availability>. For more information, please also see this editorial: <http://dx.doi.org/10.1371/journal.pbio.1001797>

Note that we do not require all raw data. Rather, we ask that all individual quantitative observations that underlie the data summarized in the figures and results of your paper be made available in one of the following forms:

1\) Supplementary files (e.g., excel). Please ensure that all data files are uploaded as \'Supporting Information\' and are invariably referred to (in the manuscript, figure legends, and the Description field when uploading your files) using the following format verbatim: S1 Data, S2 Data, etc. Multiple panels of a single or even several figures can be included as multiple sheets in one excel file that is saved using exactly the following convention: S1_Data.xlsx (using an underscore).

2\) Deposition in a publicly available repository. Please also provide the accession code or a reviewer link so that we may view your data before publication.

Regardless of the method selected, please ensure that you provide the individual numerical values that underlie the summary data displayed in the following figure panels as they are essential for readers to assess your analysis and to reproduce it: Figs 2ACE, 3BC, 5BDF, S3, S4, S6A, S11, S13, S14, S15. We note that the existing file S2_Data contains data for Figs 2, 3, 5, S3 and S14. However, we can\'t see data underlying Figs S4, S6A, S11, S13 and S15; please could you supply this, or clarify where it can be found?

NOTE: the numerical data provided should include all replicates AND the way in which the plotted mean and errors were derived (it should not present only the mean/average values).

Please also ensure that figure legends in your manuscript include information on where the underlying data can be found, and ensure your supplemental data file/s has a legend.

Please ensure that your Data Statement in the submission system accurately describes where your data can be found.

\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\--

BLOT AND GEL REPORTING REQUIREMENTS:

For manuscripts submitted on or after 1st July 2019, we require the original, uncropped and minimally adjusted images supporting all blot and gel results reported in an article\'s figures or Supporting Information files. We will require these files before a manuscript can be accepted so please prepare and upload them now. Please carefully read our guidelines for how to prepare and upload this data: <https://journals.plos.org/plosbiology/s/figures#loc-blot-and-gel-reporting-requirements>

\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\--

REVIEWERS\' COMMENTS:

Reviewer \#1:

The Authors have addressed most of the concerns expressed in the first revision and thoroughly revised the work. The current manuscript meets the standards for publication in PLOS Biology. Nice paper.

Reviewer \#3:

\[identifies himself as Dmitry B. Veprintsev\]

This is much clarified version of the manuscript that addresses my comments.

10.1371/journal.pbio.3000656.r005

Author response to Decision Letter 2

19 Feb 2020
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Submitted filename: Ngo_PLOS_R2R.pdf
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Click here for additional data file.
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Decision Letter 3

Roberts

Roland G

Senior Editor

© 2020 Roland G Roberts

2020

Roland G Roberts

This is an open access article distributed under the terms of the

Creative Commons Attribution License

, which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

2 Mar 2020

Dear Dr Kufareva,

On behalf of my colleagues and the Academic Editor, Mathieu JM Bertrand, I am pleased to inform you that we will be delighted to publish your Research Article in PLOS Biology.

The files will now enter our production system. You will receive a copyedited version of the manuscript, along with your figures for a final review. You will be given two business days to review and approve the copyedit. Then, within a week, you will receive a PDF proof of your typeset article. You will have two days to review the PDF and make any final corrections. If there is a chance that you\'ll be unavailable during the copy editing/proof review period, please provide us with contact details of one of the other authors whom you nominate to handle these stages on your behalf. This will ensure that any requested corrections reach the production department in time for publication.

Early Version

The version of your manuscript submitted at the copyedit stage will be posted online ahead of the final proof version, unless you have already opted out of the process. The date of the early version will be your article\'s publication date. The final article will be published to the same URL, and all versions of the paper will be accessible to readers.

PRESS

We frequently collaborate with press offices. If your institution or institutions have a press office, please notify them about your upcoming paper at this point, to enable them to help maximise its impact. If the press office is planning to promote your findings, we would be grateful if they could coordinate with <biologypress@plos.org>. If you have not yet opted out of the early version process, we ask that you notify us immediately of any press plans so that we may do so on your behalf.

We also ask that you take this opportunity to read our Embargo Policy regarding the discussion, promotion and media coverage of work that is yet to be published by PLOS. As your manuscript is not yet published, it is bound by the conditions of our Embargo Policy. Please be aware that this policy is in place both to ensure that any press coverage of your article is fully substantiated and to provide a direct link between such coverage and the published work. For full details of our Embargo Policy, please visit <http://www.plos.org/about/media-inquiries/embargo-policy/>.

Thank you again for submitting your manuscript to PLOS Biology and for your support of Open Access publishing. Please do not hesitate to contact me if I can provide any assistance during the production process.

Kind regards,

Alice Musson

Publication Assistant,

PLOS Biology

on behalf of

Roland Roberts,

Senior Editor

PLOS Biology

[^1]: The authors have read the journal\'s policy on competing interests. R.A. has an equity interest in Molsoft, LLC. The terms of this arrangement have been reviewed and approved by the University of California San Diego in accordance with its conflict of interest policies. All other authors declare that no competing interests exist.
